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Discussion Meeting on Growth Factors 

24 June 1937 
Opening Address 

By r. Koql, Utrecht 
on 

Plant Growth Hormones 

The growth of a plant cell may be separated schematically into the 
follo-wing stages: cell division, plasmatic growth and cell elongation. The 
definite proof that the growth of plant cells is regulated by plant hormones 
has first been found for the process of cell elongation. The term attains is 
used to designate these hormones. 

The function of auxins in plants is not limited to cell elongation. Botanical 
investigations have shown that they also play a role in phototropism and 
geotropism, that they stimulate root development, induce cambial growth 
and prevent premature outgrowth of axillary buds. Auxins therefore 
regulate plant growdh in many ways. 

The isolation of auxins has been oarried out successfully in the laboratory 
at Utrecht, by making use of the Went test reaction. They have been 
isolated in crystalline form from various sources: from urine, maize oil, 
malt and from yeast. Surprisingly, there are two tjrpes of auxins, entirely 
unrelated chemically. To the first type belong auxins a and b; these are 
acids of the empirical formulas CigHgaOs and respectively (activity 

5 X AE/g.). On the other hand, heteroauxine, the second type, which 
was found later, contains nitrogen and is identical with the long known and 
easily synthesized /ff-iudolylacetic acid (activity 2-5 x 10“ AE/g.). 

The formulas of auxin-o and b (I and 11) have been substantiated by a 
great many degradation reactions, and in addition the constitution of the 
greater part of the molecule has been definitely established through the 
synthesis of auxin-glutaric acid EU: 
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The auxins lose their activity on standing through a spontaneous allylic 
rearrangement: 
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OH OHOH 


Auxin-a-laotone also loses its activity on standing. In contrast to the jfree 
acid the rearrangement of the lactone can also be brought about by ultra¬ 
violet light, in which reaction sensibihzators apparently play a role. The 
constitution of the reaction product (lumi-auxin-a-lacton) is not yet com¬ 
pletely clear. According to the current view, positive phototropism is 
explained by the effect of light in causing an increased auxin concentration 
in the shaded side. However, it must remain for further investigations to 
show whether the deficiency of auxin in the lighted side cannot be due in 
part at least to the formation of lumi-auxin-a-lacton. 

That grass tips produce auxin-a and not yff-indolylacetic acid has in 
various ways been proved with a very high degree of probability. 

During the last 3 years the easily available synthetic yff-indolylacetic acid 
has been of great importance in botanical research. In the same manner as 
auxin-a it causes root formation on stem cuttings. 

It is remarkable that this reaction is less dependent on a specific structure 
than the seedling tip test. Investigators in the Boyce Tompson Institute 
have found a great number of compounds only distantly related to y?-indolyl- 
acetic acid, which are active in this regard, for example benzol, naphthaline, 
anthracene, fluorene, etc., substituted acetic acids. In general, the situation 
seems to be similar to the existence of numerous oestrogenic compounds 
found by Dodds and co-workers, which have little in common chemically 
with the hormones of the oestrone group. 
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Although it was originally believed that auxins influence only cell 
elongation, it has since been found that they bring about cell division in 
root formation, cambial growth (Snow) and in callous formation (Laibach 
and others), but only in much higher concentrations. In the plasmatic growth 
which follows cell division and which is primarily characterized by increase 
in protoplasm, the daughter cells grow to the size of the'mother cells. It has 
not yet been possible to determine whether substances which cause cell 
multiplication in yeast influence cell division, plasmatic growth, or possibly 
both processes. As oat seedlings for auxins, so yeast is the classic test 
object for “bios’’-growth factors. 

After Wildiers’s fundamental discovery (1901), only in the last 10 years 
has the investigation of bios made decisive progress. In 1929 Lash Miller 
and co-workers showed that bios is of multiple nature, and that one of the 
factors is identical with meso-inositol. Shortly thereafter R. J. Wilhams 
reported that aneurin (vitamin Bj) functions as a bios factor for a certain 
strain of yeast. In 1928 A. M. Copping first called attention to the differing 
requirements of wild and highly cultivated strains of yeast. 

A further bios factor—^biotin—^was isolated from egg yolk in the labora¬ 
tory at Utrecht in 1934. This is by far the most expensive growth factor 
known. Bor its isolation a 3 millionfold enrichment is necessary, which 
involves a rather difficult and tedious scheme of fractionation. By this 
method not free biotin is obtained but the beautifully crystalline methyl- 
ester. 

It has recently been shown that this crystalline product contains sulphur 
in addition to oxygen and nitrogen. On the basis of the analytical results, 
the formula of the ester is CnHigOaNgS. It is very interesting that besides 
aneurin still another bios factor is shown to be a sulphur-containing 
amine. The characterization of the functional groups is stOl in progress; 
but it has already been possible to obtain a crystalline degradation product. 

Biotin is one of the most active biological compounds known; it can be 
detected in the yeast test even in a dilution of 1 in 4 x 10^^. 

Another bios component is factor Z, which accelerates the feimentation 
rate of living yeast. Starting from yeast, we have also been able to enrich 
this factor greatly. 

It is certain that the number of bios factors will stiU be further increased. 
R. J. Williams and co-workers have established the stimulating effect of 
yff-alanin on yeast growth. These inv^tigators have for some years studied 
a factor which received the name pantothenic acid, because of its ubiquitous 
occurrence. In this regard it is similar to biotin. The preparations of this 
factor from liver have been greatly purified but the factor has not yet been 
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obtained in crystalline form* Lash MiUer has stated that besides the above- 
mentioned factors, Meucin and a chemically undefined, labile factor (bios V) 
are components of the bios complex. 

As was to be expected, similar situations are met in the growth require¬ 
ments of- other lower organisms. The effect of aneurin (vitamin B^) on 
Phycomyces Blahesleeanua and other muoorinae is known through the work 
of Burgeff and Schopfer. We have recently established that Polyporus 
adustus also requires aneurin for its growth. The situation in regard to 
Nematospora gossypii, the bios requirement of which is already known, is 
particularly interesting. It has been found that this fungus in addition to 
inositol above all needs biotin for growth in a synthetic medium. Aneurin 
in addition to these two factors increases the growth still more. 

Finally, we have been able to prove that biotin and aneurin are also very 
important for the growth of higher plants. This can be shown with isolated 
pea embryos, which are cultivated under sterile conditions according to the 
method of Brown and Morris. Addition of biotin and aneurin (as well as 
oestron) stimulates growth. Since both biotin and, aneurin are also present 
in the cotyledons, we may speak of a typical hormone action. 


P. Fildes, F.B.S.: The first indications of the existence of nutritional 
factors necessary for the growth of bacteria were found in Johne’s baciUus 
and in B. influenzae in 1912 and 1921, but from that time to 4 or 5 years 
ago, no biochemists being employed in this field, practically no advance was 
made. Vitamin-like activity had been ascribed to crude extracts, but the 
bacterial vitamin theory was considered unconvincing. The first pre¬ 
paration which has been thought worthy of this description was the 
'‘Sporogenes vitamin” described by Knight and myself in 1933. This 
preparation has not yet however been completely identified. In 1935 
Knight separated a fraction which was regarded as a growth factor for 
Staphylococcus and in the present year has resolved this fraction into three 
parts, two being the pyrimidine and thiazole components of vitamin B^ 
and the third being nicotinicamide, a component of Warburg's coenzymeand 
cozymase. VitaminBiwasalsofoundlastyearbyTatum,WoodandPeterson 
to be a growth factor for propionic acid bacteria, while Lwoff and Lwoff 
showed that cozymase or Warburg’s coenzyme was the “vitamin factor ” of 
the Infl-uenza bacillus. In addition to these identified growth factors 
Richardson has found that uracil is an essential factor m the anaerobic 
growth of Staphylococcus, It is now possible to grow Staphylococcus both 
aerobically and anaerobically on a diet, all constituents of which are known. 
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In 1924 in connexion with B. influenzae and its relatives we suggested 
that the necessity for a special component in the nutrients depended upon 
the failure of the organism to synthesize it. AU bacteria examined, which 
do not require the growth factors hitherto mentioned, do synthesize these 
factors. The same applies to the essential amino acids. In the case of 
amino acids the bacteria which find them indispensable normally can be 
trained to synthesize them and these acids are then not necessary in the 
nutrients. Possibly the same will be found to apply to other growth 
factors/ The nutritional requirements of bacteria depend upon their 
nutritional state, i.e. their powers of synthesis at the time of examination. 
The nutritional requirements of diJfferent species vary, hence their powers 
of synthesis. Thus B. influenzae caimot synthesize cozymase even from 
the components; Staphylococcus can synthesize the adenine from amino 
acids but not the nicotinicamide and can combine them; typhoid can 
synthesize both components from amino acids and combine them; an 
adapted typhoid can do the same from NH^. The nutritional requirements 
of bacteria are an indication of the action of evolution as first indicated 
by Twort and Ingram in 1912. The parasitic bacteria have lost their 
power of synthesis owing to a persistent localization in an environment 
where their “factors’’ are preformed. This evolutionary process can be 
reversed in the test tube by deprivation of these factors. This hypothesis 
has already been advanced by Lwoff in the case of Protozoa. Attention 
is called to the increasing indications of a similarity in the nutrition of 
all cells, even bacterial and animal cells. 


AkdeiS Lwoff, Institut Pasteur {Paris)—Eaematin and Pyridine- 
nucleotide-phosphates considered as Growth Factors 

Some micro-organisms, bacteria: Haemophilus influenzae (Olsen, Fildes, A. 
and M. Lwoff), Haemophilus canis (Rivers), Haemophilus ducreyi (A, Lwoff 
and I. Pirosky) and Protozoa: Strigomonas fasciculata, Strigcmumas culici- 
darum, Strigomonas muscidarurriy l^ptomonas ctenocephali (M. Lwoff) are 
unable to synthesize haematiu. The addition of haematin to peptone solu¬ 
tions is necessary in order to obtain growth. 

When approaching the limit of active dilutions the action of growth 
factors is quantitative. This was the origin of the method (A. Lwoff 1933 ) 
worked out in order to study in vivo the physiological function of these 
factors. The organisms are cultivated in presence of a small amount of 
growth factor so that this small amount is the only limiting factor of the 
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development. Organisms grown imder these conditions are referred to 
by the name of the growth factor followed by the sign —. The Qq^ of 
“haematia+” Strigorrumas fascicviata is 65, of “haematin—” 22 . The 
are respectively 1 and 19. 

The addition of haematin produces an increase of oxygen consumption 
and a decrease of aerobic glycolysis. The increase of respiration is propor¬ 
tional to the amormt of haematin when small quantities are added to the 
flagellates: 1/200 to 1/40/tg. Similar results have been obtained with 
“haematin— ” Haemophilus influenzae which is able to grow in a dilution of 
haematin approaching 10 “*. The number of molecules which are necessary 
for one flagellate has been estimated by different methods: ( 1 ) relation of 
growth to the amount of haemin, ( 2 ) increase of the Qq, 
amount of haemin. The figures for one flagellate (dry weight, 6-7 x l 0 “®/tg.) 
were respectively 746,000 and 520,000, i.e. 1/60,000 of the total weight. 

The protohaemin and the protoporphyrin are the only active substances. 
A slight change in the structure of the molecule of these substances causes 
their inactivation as growth factors: deuterohaemin,haematohaemin,meso- 
haemin, pyrrohaemin, pheophorbidhaemin, iron salts, artificial peroxidases 
which are stabilized by means of coUoids. Substances promoting growth 
have a definite influence on the respiratory processes. No mechanism of 
immediate cause and effect is claimed for this observed parallelism. 

Cytochrome C alone is inactive but it is able to be used in the presence 
of haematin by Strigomonas cvHcidarum. These data will be discussed 
together with those concerning the growth factor V. 

Growth factor V, which was discovered by Davis ( 1917 ), was recently 
identified with pyridine-nucleotide-phosphates (A. and M. Lwoff 1937 a): 
Harden and Young’s cozymase or Warburg’s coenzyme (active at a dilution 
of about 6 X 10 “®); they act quantitatively on the growth of H. para¬ 
influenzas and H. influenzae. 

Experimentation on “V — ” bacterias allows the study of the physio¬ 
logical function of pyridine-nuoleotide-phosphates acting as growth factors. 

The oxygen consumption of “V—” bacteria is increased about 10 times 
by pyridine-nucleotides; the aerobic and anaerobic glycolysis, about 
20 times. The speed of reduction of methylene blue is iacreased, according 
to conditions, from 2 to 100 times. An incubation period of 90-150 sec. is 
necessary to allow the pyridine-nucleotides to act. When approaching the 
limit of dilution, the action of codehydrogenases on the speed of reduction 
of methylene blue and on respiration is quantitative as its action on 
growth. 

The study of dehydrogenation shows the degree of importance of 
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pyridine-micleotides for vaxious substrates. They are essential for dehydro¬ 
genation of glucose, pyruvate, fumarate, malate, ethylalcohol, asparagine, 
d- and Z-vahne, but not for d- and Z-laetate and succinate. 

On the other hand, it is possible to analyse the relation between pyridine- 
nucleotide-di- and triphosphates. Both of them may be used with p 3 rruvate 
or hexosemonophosphate as substrate. The reaction p37ridine-nucleotide- 
diphosphate 5 ^ pyridine-nucleotide-triphosphate is therefore possible. 


Pyridine - nucleotide -phosphate 
(growth factor V) 


Substrate-Dehydrogenasesf-Codehydrogenases; 


Lack of V 


Cytochrome C' 


lack ofX 




flavtn 


-yellow' enzyme 


Hydrogen 

acceptors 




^tochrome-Cytocbromoxidase/ 


Haematin 
(growth factorXj 


^talase ^ 

l4_/ 

•Peroxidase- 




Lack OfX 


Further on it is possible to obtain three physiological types of bacteria: 

(1) Bacteria with the normal amount of cozymase and of Warburg’s 
coenzyme. This type is obtained in cultiTating H. 'parainfiuenzae with an 
excess of V factor. These + ” bacteria oxidize glucose, hexosemono¬ 
phosphate, pyruvate, fumarate at the same speed with or without added 
codehydrogenase. 

(2) Bacteria with the normal amount of Warburg’s coenzyme and with¬ 
out cozymase. This second type is obtained when ‘W — ” bacteria are grown 
in peptone alone or peptone+P 3 OTvate: these bacteria are able to oxidize 
glucose and hexosemonophosphate at the same speed with or without 
added codehydrogenase, but are unable to oxidize pyruvate and fumarate. 

(3) Bacteria which are practically devoid of Warburg’s coenzyme and 
cozymase. This type is obtaiaed when cultivating “V—” bacteria in 
peptone-h glucose, or peptone+hexosemonophosphate. This indicates that 
Warburg’s coenzyme is used up in presence of its specific substrate only. 
The pyridine-nucleotide-triphosphate may exist in the bacteria in a com¬ 
bined state, being potentially active as coenzyme of the oxidation system of 
hexosemonophosphate but unable to undergo the conversion into pyridine- 
nucleotide-diphosphate. 
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We may now consider the growth factors in relation to the model of 
hydrogen mobilization due to the now classical researches of Wieland, 
Thunberg, Keilin and Warburg. The above schema, derived in part from 
Keilin’s, shows clearly the relation existing between growth factors X and 
V and the prosthetic groups of catalysts and carriers. Growth factor V is a 
pyridine-nucleotide-phosphate; each of the di- or triphosphates may be 
converted into the other; both act in the bacteria as codehydrogenases. 
Growth factor X is haematin and enters in the constitution of Keilin’s 
system: (1) directly in catalase and peroxidase, the prosthetic group of 
which is haematin; no direct evidence of this has yet been found; (2) after 
transformation in haemin C in the constitution of cytochrome C which is 
derived from protohaematin: in vivo observation and in vitro experiments 
of Keilin; (3) directly or after transformation in the constitution of Keilin’s 
cytochromoxidase; this is only hypothetical. Cytochrome C may be used 
but does not allow the growth of the flagellates, probably because haematin 
is necessary as such and because the reaction haematin-»heamin C is not 
reversible. 

OoncT/usion —Two growth factors for micro-organisms are known at 
present in so far as their chemical constitution and physiological function 
are concerned; these are haematin and pyridine-nucleotide-phosphates. 
They do not act as true catalysts on multiplication. They are utilized ia 
the synthesis of catalysts and carriers. The role of haemin and pyridine- 
nucleotide-phosphates considered as growth factors is none other than the 
role attributed to thmn by Keilia and Warburg. 


B. C. J. G. Knight —The Staphylococcus and Sporogenes Growth Factors. 

The activity of potent concentrates of the growth factor required by 
Staphylococcus aureus (Hughes 1932; Knight 1935) has now been found 
to be due to nicotinic acid plus degradation products of aneurin, i.e. of 
vitamin (Knight 1937 a, b). 

Nicotinic acid or its amide plus aneurin or certain compoimds closely 
related to it, can completely replace the growth factor, enabling typical 
strains of the organism to be grown in a medium of known composition. 
The nicotinic acid and aneurin are only effective together; no growth 
occurs with either alone. 

Bor ma xim u m growth nicotinic acid (or amide) at approx. 10-® M is 
needed, with aneurin at 10-® M; a detectable effect is obtained with 
nicotinic acid at 10“® M, and aneurin at 10~“ M. 
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Pyridine-3-nitrile cannot be used in place of nicotinic acid, but methyl 
nicotinate gives delayed growth, presumably due to slow hydrolysis of 
the inactive ester to the free active acid. The nicotinic acid is probably 
needed for the synthesis of cozymase by Staphylococcus, which is known to 
produce it. 

Certain pairs of a pyrimidine plus a thiazole, both substituted re¬ 
spectively as in the pyrimidine and thiazole parts of the aneurin molecule, 
can be used by the organism instead of aneurin itself. Thus 4-amuio-5- 
aminomethyl-2-methylpyrmiidine plus 4-methyl-5-;ff-hydroxyethylthia- 
zole can be used at the same molar concentrations as aneurin. Similarly 
4-amino-5-thioformanndomethyl-2-methylpyrmudine functions in such a 
pair, and also thiochrome; but not 4-hydroxy-5-aminomethyl-2-methyl- 
pyrimidine, nor 4-hydroxy-5-hydroxymethyl-2-methylpyTunidiae. On 
the other hand, 4-methylthiazole cannot be used in place of 4-methyl-5-y?- 
hydroxyethylthiazole in any pair. And the corresponding aneurin which 
lacks the 5-/?-hydroxyethyl group on the thiazole ring is inactive. Thio¬ 
chrome alone has slight activity at about 1000 times the concentration at 
which aneurin is effective. 

The two components of the growth factor are thus found to be com¬ 
pounds having wide biological importance, both cozymase and aneurin 
having recently been recognized as growth factors for other micro-organisms 
(cf, Tatum, Wood and Peterson 1936 ; Lwoff and Lwoff 1937 ^). Both these 
substances are synthesized by many bacteria which can grow in media 
not containmg these substances, and may play a part in their metabolism. 

The sporogenes growth factor is an essential nutrient for Oh sporogenes, 
botulinum and welcMi (Knight and Pildes 1933 ; Pildes 1935 ). This factor 
is characterized as an ether-soluble unsaturated hydroxy-acid of mole¬ 
cular weight about 200 and containing no IST or S. The methyl ester is 
inactive and stable, the active free acid is unstable (Pappenheimer 1935 ). 

Just as with nicotinic acid (or cozymase) and aneurin, it is foimd that a 
number of micro-organisms selected at random as able to grow in media 
not containing the sporogenes factor, do in fact synthesize this substance. 
It is a legitimate deduction that the sporogenes factor plays a part in the 
metabolism of those organisms which are able to synthesize it as well as in 
the metabolism of those organisms which caimot synthesize it, i.e. 01. 
sporogenes, botulinum and welchii and which require it as an essential 
nutrient. The sporogenes factor may even play a part in animal meta¬ 
bolism ; it is very widely distributed in vegetable and animal tissues of all 
kinds and is excreted in relatively large quantities in the urine of herbi¬ 
vorous animals. 
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G. M. Riohabbson* — The Necessity for Nucleic Acid Components in 
the Anaerobic Growth of Staphylococcus Aureus 

The increasing evidence that the codehydrogenases and cophosphory- 
lases of cellular metabolism include compounds of the class of nucleotides 
will direct attention again to the undiscovered metabolic function of 
nucleic acid. In the past, study of this function has been hindered by the 
experimental inability to demonstrate a need for nucleic components in 
growth or metabolism, presumably owing to the synthetic abilities of the 
cells. 

If a need for nucleic acid components is to be demonstrated this should 
be sought, if anywhere, among organisms whose synthetic power has failed 
owing to habitual adaptation to a parasitic life. Thus it is reasonable that 
the ittdispensability of such components to growth has not been demon¬ 
strated except in the case of Staphylococcus aureus^ and that the effect 
could only be observed under restricted conditions such as are found in 
anaerobic growth (Richardson 1936 ). Further work has shown that of 
eight strains examined anaerobically on a synthetic medium, none grew 
normally without added uracil (one of the pyrimidines of nucleic acid). 
Seven grew well with uracil as sole addition, but a supplementary addition 
of guanine improved the growth of two of these. The eighth strain required 
both uracil and guanine. J?. anfhracis grew only poorly anaerobically, but 
such growth as occurred was dependent on the presence of either uracil 
and guanine, or cytosine and guanine. 

In discussing the possible function of uracil it is shown that known 
metabolically-active compounds which contain the pju^imidine ring 
(vitamicL vitamin Bg, and adenine, a precursor of cophosphorylases) 
carniot be used to replace uracil, which therefore does not seem to function 
by conversion to these substance. It is hoped that the function of 
uracil may be discovered by studying the impairment of metabolic 
activity due to uracil deficiency, and it seems possible that this function 
will be identical with one of the functions of nucleic acid, in view of the 
connexion between the requirements for uracil and for other nucleic acid 
components. In this event its function may prove to be quite different 
from that of the nucleotide co-enzymes, since the ribose-phosphate 
hnkages in these contrasted tj^es of nucleotide seem to involve different 
C atoms (Levene and Stiller 1934 ). 

* Leverhulme Besearch Fellow, Blaad-Suttoii Lastitute of Pathology, Middlesex 
Hospital, London. 
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H. M. SraoLAiR (Oxford): Ejoight’s observations on Staphylococcus have 
been extended to Phycomyces. Schopfer bas very recently shown that 
4-amino-5-aminomethyl-2-methylpyrimidine and 4-methyl"5-hydroxy- 
ethylthiazole can together replace vitamin as a growth factor for the 
mould. This I have conjSrmed, using synthetic compounds kindly supplied 
by Dr. Todd. Further, the 4-amino group in the pyrimidine compound 
is essential since the corresponding 4-hydroxy compound is inactive 
(Knight had found that this was true with Staphylococcus), 

A neutral solution of vitamin autoclaved for 2 hours at 125° C., stiU 
acts as a growth factor for Phycomyces, although the compound is de¬ 
stroyed, The pyrimidine and thiazole compounds are still active after 
this treatment, even if done in presence of N /10 KaOH; H 2 O 2 , however, 
destroys the activity. This supports Schopfer’s suggestion that his growth 
factor "'MP” (which differs from vitaniin B^ in being very stable to heat 
and stable to alkali) consists of degradation products of the vitamin. 

M. A. H. Tinoker (Royal Horticultural Society, Wisley): During 
a series of experiments made to study the effect of applying extracts 
of yeast to the meristematic tissue of flowering plants a marked stimu¬ 
lation was observed on the rate of bacterial development in gelatin. 
The bacillus, described as B, auxiuophilum by Jacobs ( 1935 ) showed this 
response to the petroleum ether-insoluble J fraction, prepared according 
to the methods of Elides and Knight. Jacobs also observed similar stimu¬ 
lation in ad hoc tests. But as adequate nutrients were absent and as the 
minimum concentration at which stimulation took place was a high one 
(1 mg. per c.c.), compared with that necessary for B, sporogenes, the auxin 
compounds may well have been utilized in metabolism in a manner other 
than as accessory growth factors. 

Again, when testing the addition of ketohydroxyoestrin and theelol to 
water cultures* of flowering plants, observations were made on the greatly 
accelerated development of bacteria occurring, despite all the usual pre¬ 
cautions, in the culture solutions and on moistened cotton-wool plugs. 
Without these hormones no noticeable bacterial development took 
place, Ketohydroxoestrin, 0-0033 mg. per c.c., at pH 8*5 and similar 
quantities of theelol but at 7-2, caused this rapid bacterial develop¬ 
ment. The bacteria, probably of soil origin, were not identified; their 
requirements were thus unknown. The hormones may have proved a 
source of carbon. 

* Water cultures contained, per litre, EINO 3 1 g., EIH 2 PO 4 0*3 g., K 2 HPO 4 0*27 g., 
NaCl 0-5 g., CaS 042 H 20 0*5 g., MgS 047 H 20 0*5 g., 0*04 g. 
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Tke major part of the Wisley investigations concerns the effect of growth 
substances on flowering plants, particular attention has been paid to the 
initiation and acceleration of root formation to facilitate vegetative repro¬ 
duction, but some results of anatomical interest have also been obtained. 

Applied to young stems of tomato as a paste in lanolin at a concen¬ 
tration of 1 in 1000, small quantities (approximately 0*0005 g.) of y?- 
indolyl acetic acid evoked rapid responses. Sixty-five hours after applica¬ 
tion Professor F. E. Weiss and the writer found that many epidermal, 
cortical, and pith cells were twice the size of comparable control cells. 
Radial walls freely developed iu the cells of the epidermis, hypodermis and 
cortex of treated plants. Cell division, frequently repeated in scattered 
instances, occurred in the cells of the collenchyme, whilst meristematic 
activity was induced in the outer regions of the phloem tissue resulting 
in the production of root initials. The starch sheath concomitantly 
diminished. Lignification did not keep pace with the induced cell division 
in the xylem so that the new tissue was parenchymatous at this stage. 

In woody cuttings the uptake from solutions of y?-indolyl acetic acid or a- 
naphthalene acetic acid by cuttings results in the rapid formation of new 
parenchymatous tissue which often ruptures the outer layers of the stem. 
This "'internal callus” attained in certain instances, as for example, Trims- 
pidaria dependens, a thickness of twenty cells in twenty-five days. A 
concentration of 1 part in 10,000 of water was used. Similarly with 
Myrtus communis^ a-naphthalene acetic acid evoked in the natural season 
of quiescence rapid oeU division to produce a cylinder of 15-20, cells in 
five weeks. The concentration used was 2 in 10 , 000 . The region of stimu¬ 
lation was frequently limited to 1*5-2 cm. of the stem. Where the many 
roote emerged the number of cells formed in a few weeks was far greater 
than elsewhere. 

Stimulation may occur in apical regions of the stems, as with Budcdeia 
aUernifolia where oeU division and root .formation has been produced 
amongst small young leaves from almost herbaceous stems. Illustrations 
are available in recent articles (Tincker 1936 , 1937 ). 

Possibly the natural seasonal excitation to oeU division is a hormone- 
like reaction, caused by the downward transport of similar active com¬ 
pounds formed in young leaves. 
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On the Corpora Allata of Dipterous Insects 

By E. T. Btott 

Entomology Department, Zoological Laboratory, Cambridge 
{Communicated by A.. D. Imms, F.M.S.—Received 1 May 1937) 

It is weE known from Nabert’s extensive work ( 1913 ) on the corpora 
aUata of the Insecta that these smaU organs are of general occurrence in 
that class of animals. In so far as the Diptera are concerned, this in¬ 
vestigator gave httle attention to that order, and only described the 
corpora aEata in the adxdts of two species of Tipula. These organs have 
not so far been described in any of the Diptera Cyclorrhapha. 

The corpora aUata are attracting a good deal of attention at the present 
time because they are evidently the seat of hormone secretion. Thus, 
Wigglesworth (1934 and 1936 ) has shown on good evidence that, in the 
reduviid bug Ehodnius prolixus, they secrete the hormones which are 
intimately concerned with the processes of ecdysis and metamorphosis. 
Eraenkel ( 1935 ) also has demonstrated that a hormone induces pupation 
in the blow fly CaUiphora erythrocepkala. He gave evidence suggesting 
that t.Tiig hormone is secreted in the region of the central nerve gangha 
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and is discharged into the blood. At the same time he did not locate the 
actual source of the hormone and remarked that ''there exists no organ 
in the fly larva which can be homologized with the corpora allata of other 
insects”. In the present paper endeavour is made to show that the 
homologues of these organs are present in the larva of Oalliphora and that 
there is reason to regard them as the source of the hormone referred to 
Fraenkel. 


Methods 

Dissections of third instar larvae of Oalliphora vomitoria were made with 
the object of discovering whether the organ first described by Weismann 
in 1864 and often termed^"Weismann’s ring”, or the "anneau du soutien”, 
is in any way related to the corpora allata. Larvae of Tipula sp. and 
Chironomus sp. were also dissected and the relations of the corpora allata 
determined in these examples. In addition to dissections, whole pre¬ 
parations of these organs and their related parts were made. The finer 
details of the relations and the histology of the corpora aHata were deter¬ 
mined by means of serial sections. Material was fixed in aqueous Bouin’s 
fluid and stained in Delafield’s haematoxylin, hon-alum haematoxylin or 
with Mallory’s triple stain. Chironomid larvae were punctured and fixed 
whole, but, with Tipula and Oalliphora larvae, it was found more con¬ 
venient to dissect out the parts required, before immersion in the fixative. 
In Oalliphora, where comparisons were made between the histology of 
Weisma^’s ring in larvae of different ages, the length of time in the 

fixative and stain was, in each case, as nearly as possible the same. 

■ 

CoRFOBA Allata m Larvae of Obieonomus 

In the larva of Ohironomus small bodies were described by Miall and 
Hammond (1900) under the name of paired ganglia. When examined in 
serial sections these organs are seen to be non-ganglionic structures, the 
histology of which is of the glandular type characteristic of corpora allata. 
Their relations with the stomatogastric system make it clear that these 
bodies are the organs in question. Holmgren (1904) recognized them as 
corpora allata and described the stomatogastric nervous system in more 
detail than Miall and Hammond. It will be noted on reference to fig. 1 
that the recurrent nerve (r) bears a hypocerebral ganglion (h), just behind 
the level of the brain. It then divides into two branches which pass back 
to the stomachic ganglia (pg) at the sides of the proventriculus. The 
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oesophageal ganglia (og) lie dorsally to the oesophagus, about half way 
between the brain and proventriculus. From each ganglion a nerve passes 
forward and meets the recurrent nerve of its own side; from this point a 
very fine nerve passes to the region of the cerebral commissure, and a 
broader strand of tissue passes forward and is attached to the trachea (t), 
but does not seem to make any nervous connexion with the brain at this 
point. All three cords, the recurrent nerve, oesophageal connective, and 



Fig. 1 —GMronomus sp. Corpora allata and stomatogastric system in dorsal view, 
a, aorta; brain; ca, corpus allatum; h, bypocerebral ganglion; o, oesophagtis; 
op, oesophageal ganglion; pg, stomachic ganglion; r, recurrent nerve, trachea. 
In this and the^ following figures it is the larvae of the forms named which is con¬ 
cerned. 

the strand to the trachea, meet at one point; and in this situation the 
corpus allatum (ca) of the side is located. 

The histology of the corpus allatum was described by Holmgren ( 1904 ). 
From fig. 3 a it wdll be seen that the cells are few and rather variable in 
size. The cytoplasm is much vacuolated, the nuclei are large, and have 
large nucleoli and distinct chromosomes, recalling the condition in the 
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nizclei of the saliyary gland of this larva, only on a smaller scale. The organ 
is invested by a very fine connective tissue coat. 


COEPORA ALLATA in THE LaEVAE OF TiFULA 

The relations of the corpora allata in the larva of Tipula sp. are shown in 
fig. 2 . The recurrent nerve (r) passes back from the frontal ganglion on the 
dorsal side of the oesophagus, under the brain. Immediately behind the 
brain it divides into two nerves which pass back to the proventriculus; 
there is no well-marked hypocerebral ganglion. At the dividing point of 
the recurrent nerve there arise two bPS'Hches each of which passes upwards 



Fio. 2 —Tipvla sp*/ Corpora allata 
and stomatogastric system in dorsal 
view, a, aorta cut short; 6, brain; 
ca, corpus ahatum; og, oesophageal 
gai^lion; r, recurrent nerve. 



Fig. 3—^Transverse sections of corpus 
allatum. a of Chironom/us sp.; h of 
Tipida sp. 


to a well-defined oesophageal ganglion {og), which is joiaed in its turn to 
the hind border of the brain. The corpora aUata (ca) are compact oval 
bodies closely united to the oesophageal ganglia. Their histology is shown 
in fig. 36; they possess a stout connective tissue coat and are composed of 
a mass of cells with well-defined nuclei, some of which show mitosis. The 
cytoplasm, in the particular specimen examined, was homogeneous and 
the cell boundaries were indistinct. The whole is rather similar to the 
condition d^cribed by Wigglesworth ( 1934 ) ^ Bhodnius, 
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CoRPOEA Allata in other Dipterohs Larvae 

Structures which very probably represent the corpora allata have been 
described under different names in other nematocerous larvae. Imms 
(1908) in Anopheles maculipennis describes a supporting collar or ‘'anneau 
de soutien’^ enveloping the aorta ventrally and laterally just behind the 
brain. It is composed of an irregular mass of cells which have no definite 
boundaries and are in some cases vacuolated. It is maintained in position 
by some fine muscle fibres arising from the head capsule and is attached 
by membranous strands to the oesophagus and the cerebral commissure. 
Ajiteriorly the organ is single but posteriorly it divides into two pro¬ 
longations. This indication of a paired structure together with the type of 
cell structure points to this organ as representing the fused corpora allata. 
Dogiel (1877) in Coreihra briefly mentions a similar mass of cells surround¬ 
ing the aorta. Frew (1923) in Forcipomyia piceus describes under the 
name of Weismann’s ring, a straight solid cellular rod lying dorsal to the 
heart. From each lobe of the brain, a small nerve mass arises, these fuse 
posteriorly and ‘'Weismann’s ring” lies behind their point of union. The 
anterior region of the ring gives indication of a paired structure. It seems 
reasonable to regard this organ as being the fused corpora allata, while 
the small nerve masses are in all probability the oesophageal ganglia. 


Weismann’s Eustg in Cyclorrhaphotjs Larvae 

This organ, as previously mentioned, was discovered by Weismann in 
CalUphora in 1864. It was figured by Kiinckel d^Herculais (1875) in the 
larvae of Syrphidae, and Lowne (1890-1892) redescribed it in Galliphora, 
Pantel (1898) figured and briefly described its histology in the larva of 
the Tachinid Thrixion under the name of the ''anneau de soutien”; he 
observed that the cells were sometimes vacuolated and that there were 
groups of small imaginal cells within the organ. Hewitt (1914) refers to 
the ring in Musca domestica and Thompson (1921) describes it in the larva 
of the Tachinid Miltogramma punctatum Meig. The latter author describes 
the ring as a pair of rods fused anteriorly above the aorta, and composed 
of cells with dense cytoplasm showing vacuoles. The organ is surrounded 
by a flne eosmophile capsule. 

The relations of the ring and the stomatogastrio nervous system were 
described by Lowne (1892). He states that the ring is innervated from a 
median ganglion situated immediately behind the commissure of the 
hemispheres and receiving several nerves from this region. The recurrent 
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nerve passes back from the median ganglion to the single proventricular 
ganglion. Hewitt (1914) described a similar arrangement of the stomato- 
gastrio system in the larva of Musca, and Keilin (1917) describes and 
figures the condition in the larva of the Anthomyid Phaonia. His drawing 
is veiy similar to the one shortly to be described for OalUphora (fig. 4), 
except that he does not describe the median ganglion in the fioor of the 
aorta. 



Fig. 4 —tlaUiphora vomitoria L. Weismamx’s ring in dorsal view, a, aorta; 5, brain; 
o, oesophagus; r, recurrent nerve; r', branch of recurrent nerve to Weismann’s ring; 
t, trachea; w, Weismann’s ring. 


WniSMAisrir’s EiING in Callipboba vomitoria L. 

The arrangement of the ring and the stomatogastric system in CalUphora 
vomitoria is shown in fig. 4, which is drawn from a dissection. The ring (w) 
is situated on the dorsal side of the cerebral lobes just above their point of 
union. It surrounds the aorta (a) which is attached to it dorsally and 
ventraUy but is free at the sides. The ring is very readily found in dis¬ 
section owing to the fact that two large tracheae {t), each of which originates 
on the inner aspect of the hemisphere of its side, pass forwards and out¬ 
wards through the substance of the ring. After these tracheae have 
traversed about half the circumference of the ring they leave it and, just 
at this point, a short trachea unites those of the two sides; this trachea also 
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traverses the ring. Thus, the ring is traversed by a tracheal tube throughout 
its circumference except just between the hemispheres. These tracheae 
pass through the ring but do not break up into any finer branches in its 
substance. 

As regards the stomatogastric ganglia; there is a single ganglion on the 
proventriculus and from this the recurrent nerve (r) passes forward. Before 
it comes to the region of the cerebral commissure, it divides into two; the 
ventral branch passes under the brain, dorsal to the oesophagus, and so to 



Fig. 5 —Calliphora vomitoria L. Median sagittal section between the cerebral hemi¬ 
spheres. a, aorta; 6, brain; m, median ganglion; n, nerves to median ganglion; 
nc, nerve cells; r, recurrent nerve; r', branch of recurrent nerve to Weismann’s ring; 
t, trachea; w, Weismaim’s ring. 

the pharynx; the dorsal branch (r') runs under the ventral part of the ring 
into a ganglion on the floor of the aorta. In fig. 4 this ganglion is covered 
by the ring and the aorta, but it is shown in sagittal section in fig. 5 (m). 
This ganglion appears to correspond with the median ganglion of Lowne 
(1892). Its shape is not sharply defined but it can be recognized by the 
presence within it of triangular nerve cells (fig. ^m) and, further, it 
receives a pair of nerves (n) on each side from the cerebral commissure. 
The ventral portion of Weismaim’s ring is in intimate contact with the 
median ganglion. 
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• Disottssion 

It will be evident from the foregoing account that the corpora allata 
show marked differences in general configuration among larvae of several 
of the Diptera Nematocera. Thus in Ohirtmomus (fig. 1) they are distinct 
organs relatively widely separated from each other and the oesophageal 
ganglia. In contrast to this more or less generalized condition, that found 
in Tipukt (fig. 2) is noteworthy: here the shortening of the nerve con¬ 
nectives has caused the oesophageal ganglia and corpora allata to come to 
lie just behind the brain. Turther, the corpora aUata and oesophageal 
ganglia are closely connected together. In Anopheles the corpora allata 
are further concentrated and fused. According to Imms (1908), they are 
fused anteriorly and embrace the aorta and, posteriorly, they show a 
paired structure. In the accoimt given by Frew (1923) they axe also highly 
modified in Forcipomyia. Anopheles seems to be transitional between the 
condition observed in Ghironomus and Tipula, and that of the Diptera 
Cyolorrhapha, where the corpora allata become fused into an annular 
structure and lose all trace of paired origin. Presumably then, the median 
ganglion of Lowne (1893) will represent the fused oesophageal ganglia, as 
its direct innervation from the brain would suggest. This series makes it 
fairly clear that Weismaim’s ring represents the highly modified corpora 
allata of the lower Diptera and other insects. In this coimexion, it is 
interesting to note that Pratt (1900), in an account of the embryology of 
the Hippobosoid Melophagus, refers to the origm of ganglia allata (an 
earlier term for corpora allata) m this insect. He describes them as a pair 
of masses of nervous tissue which agreed with the position of origin of the 
ganglia allata found by Heymons (1895) in Orthoptera. They moved up 
dorsally and fused anteriorly; Pratt did not foUow their development iuto 
the full grown larva. 

Changes in Weisnrnnn’s Ring Preceding Pupation 

If the ring be the corpora allata we should expect its cells to be of a 
glandular type. A longitudinal section is shown in figs. 6a and b. The 
organ is invested by a fine connective tissue coat continuous with that of 
the aorta. The cells composing it are of three types: 

(1) A group of small darkly staining imaginal cells with little cytoplasm 
(ic); these are situated arotmd the tracheae which traverse the ring. 

(2) A few cells {nc) of nervous type scattered through the ventro-lateral 
portion of the ring. 

(3) Large cells with large nuclei, rather indistinct cell boundaries and 
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often showing vacuoles in the cytoplasm. These apparently are to be 
regarded as being secretory cells (sc). 

In view of the marked changes found by Wigglesworth (1934), in the 
histology of the corpora aUata after hormone secretion, it is natural to 
enquire whether any analogous changes can be seen in connexion with the 
cells of Weismann’s ring in OaUipJiora. Lowne (1892) observed the 
external changes in the shape of the ring which take place m the larva, 
after it has ceased feeding, and is resting prior to pupation. He states that 
the ring increases in size and comes to lie more nearly horizontally. This 
increase in size is due, however, to the growth of the imaginal bud cells (ic) 
in the ring during this period, in oonomon with those of the neighbouring 
eye and limb rudiments. 



Fia. 6 —CaMphora vormtoria L. a, longitudmal section of Wei sm a n n’s ring in larva 
at end of period of feeding; b, the same about 12 hr. before pupation; a, aorta; 
ic, imaginal bud cells; m, median ganglion; nc, nerve cells; sc, secretory cells; t, 
trachea. 

As regards the secretory cells of the ring, histological changes are 
observable during the period prior to pupation. A group of larvae were 
reared together at 20° C. so that they should all be as nearly as possible at 
the same stage in development. Larvae were examined at intervals during 
the 3-4 day period intervening between the cessation of feeding and the 
onset of pupation. The “critical period” was the same for GaMiphora 
vomitoria as that found by Fraenkel (1935) in O. erytkrocephcda, i.e. 16 hr. 
before pupation at 20° 0. 

lig. 60 shows the ring in a larva that has ceased feeding, and is about 
3 days before pupation; fig. 66 shows the ring in a larva about 12 hr. 
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before pupation. It will be seen that in the earlier stage small vacuoles 
are present and the cell boundaries can be made out. In the later stage 
(fig. 66) the vacuoles are much larger and have become confluent and 
the cell boundaries are less evident. Similar changes were found by 
Wigglesworth (1934) in the corpora allata of RTiod%iu$ before the last 
nymphal ecdysis. In the series obtained of Oalliphora it was not possible 
to detect a change sharply restricted to a short period, such as might be 
expected to coincide with the release of the hormone. 

The structure of the ring cells together with the changes that they show 
agree with the view that this organ secretes the hormone discovered by 
Fraenkel (1935). In a later communication it is hoped to bring forward 
evidence on this matter based on experiments involving extirpation of 
Weismann’s rmg. 

I should like to take this opportunity of thanking Dr. A. D. Imms, F.R.S., 
for his kind help and criticism. 


Summary 

The corpora allata are described in Ghironomus and Tipula and their 
occurrence in other Diptera Nematocera briefly reviewed. 

Weismann’s ring of cyclorrhaphous larvae is described in GallipJiora and 
reasons are given for concluding that this organ represents the modified 
and fused corpora aUata. 

Weismann’s ring is regarded as the probable seat of origin of the 
hormone discovered by Fraenkel which controls pupation in GalUphora. 
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The Mucification of the Vaginal Epithelium in Rodents 

By M. KxEnsr* 

From the National Institute for Medical Research, London 
{Communicated by A. S. ParJces, F.B. 8 .—Received 3 May 1937) 

[Plates 1, 2] 

Intbodttction 

The mucosa of the vagina of small rodents undergoes during pregnancy 
and in some cases during pseudo-pregnancy a special transformation ■which 
results in complete mucification of the epithelium. This mucification was 
recorded in observations as far back as 1890 by Morau (1889), Lataste 
(1892), Retterer (1892a, b), and the descriptions of these authors caused 
important discussions on the structure of the vaginal epithelium. The study 
of this mucification was resumed when the vaginal cycle was considered 
in relation to the ovarian cycle (Long and Evans 1922; Selle 1922; Courrier 
1924; Kelly 1929), and some of its cytological features were described by 
Florey (1932). The causation of the vaginal mucification was not thoroughly 
investigated until about 1930, when a number of workers postulated that 
the reaction was a specific and convenient test for the corpus luteum 
hormone (Harris and Ne'wman 193^ > Hisaw, Meyer and Weichert 1928, 
Wiesner and Patel 1929; Qauberg 1933). It was shown shortly afterwards 
however, that the mucification obtained -with injections of corpus luteum 
extracts was probably dependent upon small amounts of oestrone contained 
in those extracts (Robson 193^»Meyer and Allen 1933 > I'®ls 1934)* D®s®lb3- 

♦ Of the Institut d’Histologie, Strasbovirg. 
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(1934) and Allen and Meyer (1935) later demonstrated that the effect 
seemed to be due to the inhibition of oestrone by progestin. I have shown 
(Klein 1935 a) that the maintenance of the mncifioation during pregnancy 
is due to the inhibition of the ovarian cycle by the placenta. Recently 
Selye, Browne and CoUip (1936a) showed that combined administration 
of crystalline oestrone and progesterone to the adult ovariectomized rat 
produces mucifieation of the vaginal epithelium, while progesterone 
injected to the normally oycUc female rat does not (19366). It is clear 
from this short survey that the real causes of vaginal mucifieation are not 
yet satisfactorily known. In the present paper I give a report of experiments 
carried out on the golden hamster. 


MaTEBIAI, and TEOHNIQtTE 

The experiments were carried out on the golden hamster {Oriceius 
{Mesooricehis) auratus Waterhouse). No experimental work has been done 
so far on this species. Zoological notes on its breeding and growth have 
been published by Bruce and Hindle (1934), and a study of the ovarian 
cycle wiU be published in the near future by Dr. Ruth Deanesly. The 
animals at my disposal were bred from a stock kept at the National 
Institute for Medical Research, Hampstead. 

The hamsters used for these experiments were adult females ovariecto¬ 
mized at least 2 months previously. They were injected intramuscularly 
for 5 days with arachis oil solutions of crystalline hormones; they were 
killed the day following the last injection. 

The hormones injected were (1) oestrone, and (2) crystalline pro¬ 
gesterone, kindly supplied by Schering-Kahlbaum A.G. The physiological 
potency of the latter was tested on the endometrium of the immature 
rabbit by the method of McPhail (1934). 

All tissues for histological examination were fixed in Bouin^s finid and 
the slides stained with haematoxylin and eosm or with mucicarmine and 
methanyl yellow. 


ExPBBIMENTAIi RESULTS 

StfVjCtwtB of th& y 0 jQ% 7 wjl Afwcosa ^uTvnQ Pfo^Tio/ftcy —Before recording 
the results obtained with injections of female sex hormones, we must 
describe the mucifieation occurring in the upper and TniHrllA parts of the 
vagina of the golden hamster during pregnancy. The lower part does not 
muoify or undergo cyclic changes of any kind. The vaginal epithelium is 
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a stratified or a pseudostratified squamous epithelium except in pregnancy 
or pseudopregnancy, when it becomes simple and columnar and mucified. 
It is then constituted as a layer of tall cylindrical cells completely filled 
with a mucous substance which stains a dark red with mucicarmine. 
Beneath these cylindrical cells, there is a layer of basal cells which are so 
flat that only the nuclei are visible below the mucified cells (fig. 1, Plate 1). 
These latter are not of the goblet cell type, but are rather similar to the 
surface cells of the gastric mucosa. We shall describe elsewhere the cyto- 
logioal features of these mucous cells; but it should be emphasized that 
the type of mucification occurrmg in the hamster makes it particularly 
favourable for the study of vaginal mucification in general. 

Structure of the Mucosa after Ovariectomy^ (fig. 2, Plate 1)—^Two months 
after ovariectomy the epithehum is cubical or cylindrical and bistratified, 
and there are gland-like invaginations of the epithelium into the connective 
tissue. Here and there small mucous droplets may be seen in the apical 
part near the free border of the cells. These rare droplets may be observed 
up to 5 months after ovariectomy, and in the lumen of the gland-like 
invaginations there often remain clots of substance staining with muci¬ 
carmine. The reason for this very discrete mucous secretion, shown only 
by mucicarmine, is not yet quite clear. 

Effect of Injections of Oestrone alone —^The effect of oestrone on the 
vaginal epithelium varies wdth the amount injected. 

Total amount 2*6y oestrone. The cells grow higher and become pseudo¬ 
stratified; the droplets of mucus scattered in the apical part of the cells 
are more abundant than after ovariectomy (fig. 3, Plate 1). 

Total amount 5y oestrone. The epithelium is stratified squamous, 
without mucus, and with here and there a very slight cornification (fig. 4, 
Plate 1). 

Total amount lOy or more. Th^ epithelium is squamous stratified with 
complete cornification of the superficial layers (fig. 5, Plate 2). The 
picture is the usual one for oestrus in other small rodents, but it must be 
emphasized that in the hamster the oestrous appearance of the upper 
vagina during the normal cycle is different (Deanesly, in press). 

Effect of Progesterone alone —^CrystaHine progesterone, injected in 
amounts of 0*5 or 1 mg. (one International Unit), does not cause the 
slightest modification of the vagina of the castrate (fig. 6, Plate 2). The 
cells remain low and bistratified and occasional mucous droplets are 
observed as after ovariectomy (compare fig. 6 with fig. 21). 
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Effect of Progesterone after Oestrone —2-6y oestrone -was injected first over 
5 days, followed by 0-6 or 1 mg. progesterone. The epithelium is pseudo- 
stratified and does not contain any mucus, but shows a transmigration of 
leucocytes, which are also present in the lumen in fairly large numbers 
(fig. 7, Plate 2). This picture is very like the classical picture of metoestrus 
in other rodents. 

Effect of Progesterone together with Oestrone —6y oestrone was injected 
simultaneously with 0-6 or 1 mg. progesterone. The epithelial cells are high 
columnar, unilayered and completely filled with mucus which stains a dark 
red with mucicarmine. Under this layer of mucified cells there is a row 
of nuclei of the basal layer (fig. 8, Plate 2). The picture is identical with 
that of the mucification observed during pregnancy or pseudopregnancy 
(compare fig. 8 with fig. 1). 

It is clear, therefore, that oestrone alone causes a stratification or a 
comification of the epithelium, progesterone alone does not alter the 
epithelium at all, progesterone after oestrone gives a pseudostratification 
with leucocytes, while progesterone together with oestrone produces a tall 
columnar mucified epithelium such as is seen during pregnancy. 

It remains to discuss these results and compare the interpretation they 
suggest with those put forward by other authors. 

Discttssion 

As mentioned above, a very small number of scattered mucous droplets 
may be found in the apical part of epithelial cells in the spayed animal even 
several months after ovariectomy. Courrier (1924) had observed a layer 
of mucified cells in the vagina of the immature and of the ovariectomized 
guinea-pig, as well as in the pregnant one. Thus he supposed that muoifica- 
tion was a sign of ovarian quiescence. We cannot agree with this inter¬ 
pretation, so far as the golden hamster is concerned. The amount of mucus 
observed after ovariectomy is exceedingly small and is in no way com¬ 
parable with the mucification occurring during pregnancy. 

Progesterone alone is not able to cause the slightest mucification, and 
this reaction of the vagina is therefore useless as a test for corpus luteum 
hormone. 

Oestrone alone affects the epithelium in various ways according to the 
amount injected. Very slight amounts cause an increase in the occasional 
droplets, together with a pseudostratification. But in this case also the 
picture is far firom being the same as during pregnancy, so that full 
mucification is not merely the effect of small amounts of oestrone. 
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Progesterone together with oestrone causes the epithelium to assume 
full mucification identical with that seen during pregnancy. In consequence, 
full mucification is a sign of simultaneous action of progesterone and 
oestrone. This interpretation is similar to those suggested by Desclin (1934), 
Allen and Meyer (1935), Selye, Browne and CoUip (1936a). Desclin and 
Allen and Meyer, after combined injections of oestrone and progestin, 
postulated that vaginal mucification is due to inhibition of oestrone by 
progestin and is a manifestation of the antagonism between the two ovarian 
hormones, which had previously been demonstrated in different experi¬ 
ments by Courrier and his co-workers (cf. the general review by Courrier 
1935)-* If seems preferable to consider that mucification is produced 
experimentally by a weU balanced synergism and equilibrium between 
oestrone and progesterone; previous experiments on the rat (Klein 1935&) 
and others recently carried out on the golden hamster, suggest that a 
similar mechanism is responsible for the mucification occurring during 
normal pregnancy. 

I should like to express my very best thanks to Sir Henry Dale, F.R.S., 
and the Medical Research Council for the hospitality of the National 
Institute for Medical Research, London, 1935-6. 

It is with pleasure that I acknowledge my debt of thanks to Dr. A. S. 
Parkes, F.R.S., and Dr. Ruth Deanesly for constant and helpful advice 
during the course of these experiments. My thanks are also due to 
Dr. R. K. Callow for preparing the solutions injected. I am indebted to 
Dr. SchoeUer of Schering-Kahlbaum A.G., who generously supplied 
synthetic crystalline progesterone. 

Summary 

Ovariectomized golden hamsters were injected with crystalline ovarian 
hormones. Whilst oestrone alone, progesterone alone, or progesterone 
following oestrone were not able to cause mucification of the epithelial 
cells of the vagina, progesterone together with oestrone produced high 
columnar cells completely filled with mucus, a picture identical with that 
observed during pregnancy. 

The appearance and maintenance of full mucification of the vaginal 
epithelium seem therefore to be due (at least in the golden hamster) to 
the simultaneous action of balanced amounts of oestrone and progesterone. 

♦ Courrier and Cohen-Solal have just published a note { 1937 ) describing the effect 
on the vaginal smear in the rat of simultaneous injections of oestrone and progesterone. 
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Desoriptiok of Plates 

(All illustrations are of the vagina of the golden hamster and are magniaed 
280 diams.) ® 


Plate 1 

Fio. l—Nonnal 8 th day of pregnancy. Epithelium .unilayered, ceUs high columnar, 
aM. mucified. 

Fig. 2—Castrate. Epithelium bistratiQed, cells low, scarce mucous droplets here 
and there. 

Fig. 3—Castrate, injected with 2*67 o^trone. Slight pseudostratification, cells high 
mucous droplets in some. 

Fig. 4—Castrate, injected with 67 oestrone. Epithelium stratided, ceHs squamous. 
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Plate 2 

Fig. 5 —Castrate, injected with lOy oestrone. Epithelium squamous stratified; 
complete comification of the superficial layers; comified cells in the lumen. 

Fig. 6 —Castrate; injected with 1 mg. of progesterone. Epithelium bistratified, cells 
low, very scarce mucous droplets. Compare with fig. 2. 

Fig. 7—Castrate; injected with 2*5y oestrone, Jollow&d by 1 mg. progesterone. 
Epithelium bi- or pseudostratified, cells fairly high. Numerous leucocytes in 
the mucosa and in the lumen. 

Fig. 8 —Castrate; injected simultaneousl/y with 5y oestrone and 1 mg. progesterone. 
Epithelium unilayered, cells high columnar, filled up with mucus. Compare 
with fig. 1; 
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[Plate 3] 

1 —^Introdttction 

As is the case with all physical properties, the mechanical properties 
of an object may be referred ultimately to the arrangement of its atoms 
and the forces between them. It is therefore possible imder certain con¬ 
ditions to draw conclusions about the fine structure of an object ficom its 
mechanical behaviour. 

The analysis of thermoelastic properties in particular has led, in a 
number of eases, to definite conclusions about molecular structure, and it 
has been the object of the work d^cribed here to apply the same method 
to the study of muscle. 
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The Thermodynamic Treatment of Thermoelastic Properties 

The method is to determine the changes in internal energy and entropy 
(together constituting the free energy change) which result when a given 
object is reversibly deformed. The interpretation of the results obtained 
is based on the relation between thermodynamics and the kinetic theory 
of heat. 

If a stretched object is in equilibrium with the deforming force, it may 
(under certain conditions) perform work reversibly, and it is then permissible 
to apply to this system the equations of thermodynamics. From simple 
considerations it can be shown that the temperature coeflScient of the 
force K, exerted by a deformed (e.g. stretched) object in equilibrium at 
constant length, can be used immediately to determine dB and —TdS, 
whose sum constitutes the free energy increment for an infinitely small 
deformation. It can be shown namely that 



where K — elastic force, E = internal energy, I == length, T = absolute 
temperature and S = entropy. (The derivation and detailed discussion of 
these equations will be found in Meyer and Ferri 1936 and Meyer, Lotmar 
and Pankow 1936.) 

Over a small range of temperature, K may be treated as a linear function 
of T (the curve K ^f{T) is replaced by its tangent). The equation of this 
straight line is then 

K=^a + bT, ( 3 ) 

IVom this result the folloTring conclusions may be drawn: 

(1) K in a given range of temperature, E is found to increase pro¬ 
portionally with the absolute temperature, 0 = 0, and an isothermal 
stretch or contraction takes place without change in If o is positive, 
E di mini shes during an isothermal contraction; conversely, if o is negative, 
E increases during contraction. 

(2) If the force, E, is found to be independent of the temperature, 8 
remains unchanged during isothermal stretching or contraction. When E 
increases with rising temperature, 8 increases during contraction; similarly. 
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if K diminishes as the temperature rises, 8 diminishes during isothermal 
contraction. 


The Molecular Interpretation of the Thermodynamic BesuUs 

( dH\ 

represents the change 

in the potential energy of molecules or parts of molecules, which takes 
place during an isothermal change in length. 

( 0jgT\ 

j is positive, saturation of forces of attraction occurs during 

the process of contraction. In the special case of the elastic return of a 
deformed body, this means that atoms, which were displaced by stretching 
from positions of minimal potential energy (potential troughs), return to 
their former condition. 

( 0jgr\ 

j = 0, the work done during contraction results from a 

rearrangement of the kinetic units (atoms or groups of atoms); in other 
words, thermal agitation alone is responsible for the contraction. 

( dE\ 

j is negative (i.e. dE is positive during an 

isothermal contraction), the tendency for a less ordered arrangement of 
the kinetic units to supervene is so great that more heat is absorbed than 
is realized as work. The nature of this excess heat will be discussed at the 
end of this section. 

The entropy of the system is related to the thermodynamic probability 
by the equation 

/S = i?lnP. 


P provides a measure of the possibilities of movement and rearrangement 
open to the kinetic units. If, therefore, the entropy, increases on 
stretching the object, this means that deformation provokes a transfor¬ 
mation from a more ordered to a less ordered condition—the sphere of 
movement of the kinetic units is increased. 

Conversely, if & diminishes on stretching (as happens in the case of 
rubber and other rubber-like high polymers at moderate elongation), the 
possibilities of rearrangement and of movement of the units are limited by 
the stretch—^the system becomes more orderly. This process can consist 
simply in a rearrangement of the units without any change in internal 
energy; it may, however, be accompanied by a reduction in internal 
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energy, if crystalline regions are formed with liberation of heat of crystal¬ 
lization. 

A number of substances are known which are characterized by^a low 
modulus of elasticity and high reversible extensibility. The prototype of 
all these is rubber, but similar high extensibility is found in substances 
of quite different chemical composition, e.g. elastic sulphur, polyphos- 
phonitrilic chloride, elastic fibres, etc. In all these the elastic force at 
moderate elongation increases proportionally with the absolute temperature 
(or increases more rapidly, i.e. a is negative). 

The contractile mechanism in these substances is therefore different in 
principle from that in a deformed crystal or glass, whose atoms are dis¬ 
placed from their potential troughs by stretching. In rubber-like sub¬ 
stances only the arrangement of the atoms is changed on stretching (in a 
given range of temperature and elongation), becoming more regular and 
less probable as a result of orientation. Thermal agitation causes the 
system to return to the less ordered and more probable state, as soon as 
the deformtag force is removed. 

Contraction depends therefore on the tendency of the ordered system 
to pass into a less-ordered condition. Such disorientation is not possible 
(in the case of these substances) without a macroscopic contraction of the 
stretched object. This fact leads one to conclude that the groups of atoms 
in the orientated condition do not become disorientated in the same 
way as do orientated permanent dipoles in a liquid, when the orientating 
field disappears. The atoms or groups of atoms must therefore be bound 
together by strong bonds in the direction of stretch. This means that the 
rubber-hke substances are built up of chain molecules. The rearrangement 
on stretching consists therefore in a straightening out and parallel orienta¬ 
tion of the chains. 

It is thus possible to make a statement about the kind of molecules 
present in an object from a knowledge of its thermoelastic behaviour 
alone. 

The straightening out of the chains on stretching leads further to the 
conclusion that the atoms or groups of atoms belonging to neighbouring 
chains are able to slide over each other like the molecules in a viscous 
liquid. On the other hand, each atom or group is firmly bound to two 
neighbours. We can say therefore that an atom or group is in one dimension, 
''solid”, i.e, is held by bonds such as occur in a solid body and to which the 
great internal friction (7 > 10^^ poise) of such a body is due. In two other 
dimensions however, the atom or group is "liquid”, i.e. clings to its 
neighbours by bonds such as occur in liquids, where the internal friction 
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is less than 10® poise. This state of aggregation, ■which occupies a definite 
place between the solid and the liquid states, may be conTenien'fcly 
referred to as the “rubber-like state.” 

Eetuming to case (c) (p. 31), it has been shown for a number of sub- 


is negative; i.e. during 

contraction the internal energy increases. The latent heat absorbed may be 
compared with heat of fusion (since dissociation or evaporation are 
excluded). In all substances with rubber-like elasticity which are chemically 
well-defined, it has been found that the melting on contraction, inferred on 
thermodynamic grounds, received confirmation from the changes in the 
X-ray diffraction pattern. Thus in the case of elastic sulphur, rubber, 
polyphosphonitrihc chloride, etc., ordered regions giving rise to crystal 
interferences appear on stretching and melt during contraction. This 
behaviour is only shown in that range of temperature and elongation over 


which 



= a is negative. 


The Application to Muscle 

It is clear that the thermodjmamical and statistical treatment of the 
elastic properties of an object may lead to far-reaching conclusions about 
its molecular structure. If now we wish to apply the same methods to the 
case of muscle, it must be realized at the outset that such conclusions may 
only be drawn in the case of a system in equilibrium with the applied 
force. It is therefore necessary to exclude from the measurements changes 
due to viscous flow, and further to avoid any stimulation which may lead 
to variations in the tension developed. 

If these conditions are observed such conclusions may be drawn. They 
will concern that part of the muscle which is responsible for the develop¬ 
ment of tension on stretching and they will apply to all the components 
of this elastic system which are in action at a given moment. Thus if at 
small elongations the coimective tissue fibres are slack, so that they do 
not contribute to the tension developed, the values obtained for the tem¬ 
perature coefficient of the force wiU concern the rest of the system (e.g. 
the muscle fibres) which is responsible for the tension developed under 
these conditions. If the connective tissue fibres are stretched at greater 
elongations, they may come to determine the elastic properties of the 
muscle as a whole. Those parts which do not contribute to the mechanical 
cohesion of the muscle, e.g. the tissue fluid, do not enter into consideration. 
In other words the thermoelastic phenomena observed represent the sum 
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of all the changes in all the components of the elastic system, components 
which are not necessarily homogeneously deformed. 

It is therefore impossible, without information from other sources, to 
associate directly the elastic phenomena and thermodynamic conclusions 
with definite histological elements; nevertheless, these conclusions have a 
certain advantage over the results of observations of birefringence or other 
physical properties, since they concern indubitably those elements which 
exert tension, and it is precisely these which are of interest to the physio¬ 
logist. 

In the study of the thermoelastic properties, the investigation of the 
temperature coefficient of the elastic force at constant elongation has been 
chosen as the most suitable function for our purposes. This is related 
thermodynamically to two other functions: the temperature coefficient of 
linear expansion under constant load, and the change in temperature 
on stretching adiabatically at constant load. An object which, like rubber 
at moderate elongations, shows a positive temperature coefficient of the 
elastic force has a negative coefficient of linear expansion at constant load, 
and loses heat when stretched isothermally (or is warmed by an adiabatic 
stretch). 

A resting muscle is also such an object, and, as Heidenhain (1863) 
showed, is warmed on stretching. Although various workers contradicted 
Heidenhain’s observations, the increased sensitivity of experimental 
methods has led to their complete confirmation. 

Hill and Hartree (192Q) measured the heat produced on stretching a 
frog’s sartorius muscle, and calculated the coefficient of linear expan¬ 
sion. 

Wohlisch and Clamann (1931) measured the coefficient of linear expansion 
at constant load, and confirmed the suggestion already made on thermo¬ 
dynamic grounds, that this was negative for small elongations (up to 30 % 
of the resting length). They observed, however, that for greater initial 
elongations (30-40 %) the coefficient was positive. 

Peng (1932) redetermined the heat evolved during small moderately 
slow stretches, and foimd that the effects were reversible under these 
conditions; that is to say, the muscle was warmed by stretching and cooled 
by shortening. With greater initial loads Peng confirmed the change in 
sign of the coefficient observed by Wohlisch and Clamann, since he found 
that under a load of 10 g. a frog’s sartorius muscle is cooled by stretching, 
and that this effect is also reversible. Peng suggested that the reversal in 
sign of the coefficient at high initial tension .was due to . the increased 
extension of the connective tissue supporting the muscle fibres—a tissue 
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which he showed to possess a normal positive coe£6.cient of expansion, 
since it was cooled by stretching. 

While the properties of muscle have been studied in this way for many 
years (a complete survey of the hterature is given by Wohlisch 1933), the 
significance of these thermoelastic properties from the point of view of 
intimate molecular structure has been almost entirely ignored. The com¬ 
pletion of the thermoelastic data and the discussion of their molecular 
significance form the content of this paper. Determinations of the tem¬ 
perature coefficient of the elastic force at constant length have been made, 
and, in addition, the changes occurring in muscle as a result of stretching 
have been followed by a study of the X-ray diffraction pattern. 


2 —^Experimental Method, Material and Treatment 

The immediate aim of the experiments being to determine the temperature 
coefficient of the force exerted by a muscle stretched at constant elongation, we have 
used the dynamometer of Polanyi ( 1925 ), abeady used for work on the thermoelastic 
properties of rubber and other substances. In this instrument, a change in the force 
exerted by a stretched object modifies the curvature of a steel spring. This change in 
curvature is then magnified by a system of optical levers. By this means it is possible 
to measure tension changes in the object under practically isometric conditions. In 
our experiments it was possible to measure forces up to 60 g, wt. with an accuracy of 

± 0*01 g. 

Because of the viability of frog’s muscle, the ease with which preparations can be 
made, and the familiarity of the material, sartorius muscles, mostly of Baim tern- 
poraria but occasionally also R. esculenta and always from winter frogs, were used 
in the first experiments. A few experiments were made with gastrocnemius pre¬ 
parations, but the results, while of the same general character as those obtained 
from the sartorius, were less satisfactory, owing to (a) the large amount of tendon in 
the gastrocnemius, ( 6 ) the bulk of the muscle, which retards thermal equilibration, 
and (c) the non-parallel arrangement of the fibres. The sartorius, on the other hand, 
has (a) small development of tendon, {b) a large surface for its bulk, and (c) its fibres 
are for the most part parallel. 

The muscle was dissected out with two attachments—^the heeid and a portion of 
the shank of the tibia, and half the pelvis. These fragments of bone were gripped by 
the clamps of the Polanyi apparatus. A frog’s Ringer solution containing glucose 
and freshly made up for each experiment was used as medium for the muscle. 

The solution was heated directly by a spiral of manganin wire in a vertical glass 
tube perforated at the level of the liquid in the experimental vessel. A stream of air 
entering at the bottom of this tube produced a circulation of liquid over the heating 
spiral and out into the surrounding solution through the perforations j in this way also 
the solution was aerated. In order to avoid stimulation of the muscle by the heating 
current, the levelling screws of the apparatus were separated by rubber pads from 
their metal bed—to avoid a completion of the circuit to earth through the muscle— 
and a coil of copper wire was wound round the outside of the heating tube in order to 
short-circuit any difference of potential between the top and bottom of the solution. 
Before these precautions were taken, a gastrocnemius muscle had shown occasional 
twitches when the heating circuit was completed; after these precautions the effect 
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was never observed. The solution could be cooled by passing iced water through a 
glass spiral immersed in the liquid. With this system of heating and cooling the 
temperature of the medium could be raised from 10 to 25° 0. in 6 min., and cooled 
over the same range in about 15 min. 

In no case was the muscle heated above 25° C. Wohlisch and Clamann used a 
greater temperature range extending to 32 and even to 35° C. In our experience 
there is considerable likelihood of the muscle being damaged by exposure to tem¬ 
peratures above 25° C. for an extended period; as it was sometimes necessary to keep 
the muscle at the maximum temperature for several hours, the upper limit of the 
temperature range was fixed at 25° C. The experiment usually lasted about 12 hr., 
and at the end of that time the preparation was always excitable by gentle faradic 
stimulation. 

For the experiments on the anterior byssal retractor of Mytilus edulis, a preparation 
was made with one end of the muscle attached to the shell and clamped in the 
apparatus. The other end of the muscle remained attached to the foot, which was 
tied in a loop of cotton and secured in the other clamp by this means. Sea water 
was used as medium. 


3—^Thermoelastic Phen^omena 
(a) Experiments on Frog^s Muscle 

It has already been pointed out that the purely elastic phenomena can 
only be investigated in a system in a state of equilibrium, since we wish to 
observe changes which are reversible in the thermodynamic sense. Experi¬ 
ments made on the viscous-elastic and thermoplastic phenomena exhibited 
by muscle (to be described later) have indicated the precautions which 
must be taken in order to approach equilibrium conditions. They show 
that it is best to allow the muscle to reach a steady tension at the highest 
temperature and the greatest load before proceeding to the examination of 
the thermoelastic properties. 

The behaviour of frog^s sartorius muscle at medium elongation is shown in 
fig, 1. This is a good example of the results obtained by changing the 
temperature of a muscle in which the force had reached a steady value. 
The figure shows simultaneously the change in temperature and the* 
change in elastic force with time at an initial force of 1*61 g. It is apparent 
that the temperature coefS.cient of the force exerted is positive, as was 
predicted on thermodynamic grounds. Fig. 2 shows the effect of two 
temperature cycles at a higher initial force of 2*40 g. In this case the fall 
in tension is still incomplete, as can be seen from the changing base-line, 
and at the higher temperature there is a tendency for the tension to 
fluctuate (probably as a result of convection disturbance). This effect was 
frequently observed, during experiments with non-living material as weU 
as with muscle. 
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Time in min. 


Fig. 1 —^The effect of a change in temperature on the force exerted by a frog’s 
sartorins muscle under a load of 1*51 g. and at an elongation of ca. 15 %. O = force, 
• =temperatxire. 



Time in min. 


Fig. 2—The effect of a change in temperature on the force exerted by a frog’s sartorius 
muscle imder a load of 2*40 g. and at an elongation of ca. 40 %. O = force, • = temperature. 
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At forces less than 1-5 g. the temperature coefficient becomes first zero 
(see latter part of fig. 6, force = 0-38 g.), and at stUl lower initial loads 
(0-35 g.) the coefficient is negative, as in fig. 3. Fig. 4 summarizes the 
results for one muscle at five different elongations; it is clear that this 
fi[gure is entirely aiTnilar to that which may be obtained from rubber (see 
Meyer and FerrL 1935, p. 578). 



Time in min. 


Fig. 3—^The ejEfect of a change in temperature on the force exerted by a frog’s 
sartorius mnscle xmder a load of 0*30 g. and at an elongation of ca. 10 %. O — force, 
■ = temperature. 

The observations of Wohlisch and Olamann, and also of Teng, that a 
muscle which has been allowed to pass into rigor has a positive coefficient 
of linear expansion, was confirmed by the negative coefficient of the 
elastic force obtained for such a muscle in tbe course of these experiments. 

Wohlisch and Clamann attributed the positive coefficient of linear 
expansion, which they found at very small elongations, to the changes in 
density of muscle and medium. In the Polanyi apparatus such an error 
was found to be inconsiderable; the change in density of the solution 
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between 10 and 26 ^ C. was insufficient to produce a detectable change in 
the apparent weight of the clamp, as measured by the displacement of the 
scale. Only a change in tension therefore could produce the observed 
movements of the scale. Accordmgly the change from a positive to a 
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Fig. 4 —Chirves showing the elastic force, exerted by a frog’s sartorius muscle at five 
different elongations, plotted as a function of the absolute temperature. Since in 
curves d and e the initial and final values for the elastic force do not coincide, the 
tangents are drawn to the upper portion of the ascending limb. 
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zero coefficient is real, and the observations are not due to properties of 
the apparatus. 

Fig, 5 shows the behaviour of the muscle when the elastic force is zero, 
(Zero-tension-length was determined by plotting force as a function of 
elongation, and so finding the length at which the tension first began to 



Fig. 5—^The effect of a change in temperature on the force exerted by a frog’s 
sartorius muscle under zero load and at resting length (= 0 % elongation). O = force, 
#= temperature. * 


rise.) It is apparent that at zero tension the coefficient is at least not 
positive. Other experiments with the muscle under a very small load 
showed a faU in the force exerted as the temperature increased, i.e. a 
negative coefficient at a load of ca, 0-01 g. 

These experiments therefore indicated a negative coefficient of the 
elastic force at zero tension, exactly as in the case of rubber and other 
high polymers, and differing, for example, from that of elastic tissue 
(Wohlisch 1926) which has a positive coefficient at zero and medium 
elongations. 



Force in g. 
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It was sometimes observed, in attempting to repeat force-temperature 
cycles at very small tensions, that the coefficient had changed in sign, and 
the change was always from a negative to a zero or a positive coefficient, 
whether the low tension was approached from below or from above. This 
phenomenon is shown in fig. 6 from a muscle which had rested for several 
hours in cool, stirred Ringer solution at zero tension. 



Fig. 6—^The effect of a change in temperature on the force exerted by a frog’s 
sartorius muscle under a load of 0*30 g. and at an elongation of ca. 10 %. This figure 
shows the spontaneous change of the temperature coefficient of the elastic force 
from negative to zero values. O = force, • = temperature. 

The behaviour of muscle at greater elongatioTis is shown in fig. 7 obtained 
from a muscle stretched for 24 hr. at a load of about 12 g. The coefficient 
is negative, and rather smaller than the positive coefficient (as Feng and 
Wohlisch found). This muscle was stiU excitable. 

The reversibility of the change in sign of the coefficient froni positive to 
negative is illustrated in fig. 8. After a cycle of temperature change at an 
initial force of 1-66 g., the muscle was stretched until the force rose to 10 g. 


Temperature in 
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at which load the coefficient is negative; this load was maintained for 
6 min. On returning to the original tension, the second cycle of temperature 
change was completed, and differs chiefly from the first in the change in 
base-line due to the rise in tension which follows a sudden shortening. 



Time iix min. 

Fig. 7 ^The effect of a change in temperature on the force exerted by a frog’s 
sartorius muscle under a load of ca, 12 g. O = force, # = temperature. Flongation 
ca. 45 %. 

It is therefore clear that the change from a negative to a positive 
temperature coefficient of the elastic force at small elongations, and the 
reverse of this phenomenon at greater elongations, are both real and 
reversible processes. 

( 6 ) BxperimenU on Muscles from 

These experiments were much less satisfactory than those made with 
frog s sartorius muscle because of the absence of two rigid attachments to 
the muscle, and also because of its greater plasticity. They showed, how- 
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ever, that the temperature coefficient of the force exerted was positive at 
moderate elongations, just as in the case of frog’s'^artorius. 



0 30 60 90 

Time in min. 


Fig. 8—^The effect of a change in temperature on the force exerted by a frog’s 
sartorius muscle at moderate elongation (ca. 35 %), before and after a large stretch. 
At A the load was increased to ca. 12 g. and maintained at this value for 5 min. 
O = force, #= temperature. 

4—The Molecuiar Siohieicajitoe oe the Thebmoelastio Pboperties 

OE Muscle 

It is evident from these results that the mechanism of elastic contraction 
of a stretched, unstimulated muscle is entirely similar to that of all other 
substances with rubber-hke elasticity whose thermoelastic properties have 
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been examined. In particular, it is apparent that the discrepancy between 
the thermoelastic behaviour of muscle and that of rubber, postulated by 
other workers (i.e. that the temperature coefficient of linear dilatation in 
rubber is positive at small elongations, and negative at higher elongations, 
whereas in muscle the converse is trufe), is illusory. 

Both muscle and other substances of rubber-like character at small 
elongations have the thermoelastic properties of a normal elastic solid, 
i.e. the temperature coefficient of the elastic force is negative, and the 
object behaves as a glass or as a crystal, in which deformation takes place 
with the displacement of atoms or groups from positions of minimal 
potential energy, and contraction results from the increase in potential 
energy which occurs when the system is deformed. 

At intermediate elongations, however, in both muscle and rubber-like 
polymers, the temperature coefficient of the elastic force is positive, and 
therefore augmentation in potential energy on stretching cannot alone 
account for contraction. Since the coefficient is positive, the constant b 

in equation ( 3 ) p. 30 is also positive, and as 6 = — , it is clear that 

isothermal stretching of the muscle produces a diminution in the entropy 
of the system, i.e. the arrangement of the atoms or groups becomes more 
ordered and less probable. A glance at fig. 4 shows, further, that in the 
range of elongation over which the temperature coefficient is positive, the 
tangent to the .curve representing force as a function of the absolute 
temperature makes a negative intercept on the K axis (curves c, d and e), 
i.e, a in equation ( 3 ) is negative, and therefore the internal energy, far 
from increstsing during stretching, diminishes rather. This means that during 
an isothermal stretch the increase in orientation proceeds with evolution 
of latent heat; in other words, a sort of crystallization takes place as a 
result of stretching (see case (c) p. 31 ). 

It has been pointed out already (p. 32 ) that the mere fact of an object 
possessing elasticity of the rubber type enables us to say that the object 
is composed (in part at least) of long, fiexible chain molecules, built up of 
Hnks which are firmly bound to each other. By rotation about any single 
homopolar bond of the chain, the distance between links of the same chain 
may be varied, while the energy content remains unchanged. Thus an 
irregularly twisted chain can be straightened out without any change in 
internal energy, and with change in entropy only. 

We conclude therefore that the elastic system of the muscle also consists 
in part of flexible chain molecules. 

Let us now consider the behaviour of this system at different elongations. 
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In the resting condition the chains are twisted into configurations of 
maximum probability, and the effect of a small stretch is to separate the 
atoms or groups very slightly (work may be done against van der Waals 
forces). At this elongation the temperature coefficient of the elastic force 
is negative (as in the case of an amorphous substance such as a glass). 

As deformation continues, the straightening of the twisted chains 
becomes more and more significant, and the temperature coefficient of the 
force exerted becomes first zero and later positive, since the effect of 
thermal agitation on the form of the chains becomes increasingly important 
as a component of the elastic force. In the case of muscle we have seen 
that the orientation of the chains proceeds xmtil an evolution of heat 
occurs and a sort of crystallization takes place. On allowing the muscle to 
contract the “crystallites^’ melt. 

Finally, at high elongation, the chains (or at least a part of them) are 
fully stretched and completely orientated, and further elongation by 
rotation about the primary bonds is impossible, i.e. elongation can only 
take place if the kinetic units are displaced from their troughs of minimal 
potential energy. Stretching is therefore accompanied by an increase in 
the potential energy of the system, and the sign of the temperature 
coefficient of the elastic force becomes negative once more. The system 
behaves like a crystalline aggregate in which orientation is complete, and 
stretching can only lead to an increase in potential energy. 

The change in sign of the temperature coefficient observed in muscle at 
high elongation has probably still another cause. Feng has pointed out 
that the connective tissue fibres begin to participate in the tension at 
greater deformations, and since the temperature coefficient of linear 
expansion of these is positive, it is clear that at high elongations the 
positive coefficient of the force due to the muscle substance will be masked 
by the increasing importance of the negative coefficient due to the con¬ 
nective tissue. We can say, in any case, that at high elongation the be¬ 
haviour of the muscle is that of a system in which chain molecules are 
maximally stretched and orientated. It is not possible to say as yet how 
far the different elastic properties are due to the fibre substance, to the 
connective tissue fibres, to the sarcolemma, or to any other histological 
component. 

5—^Thb X-ray Diffbacstiok Patterrts of Living Muscle 

The study of the thermoelastic properties of muscle has indicated that 
the increased orientation of chain molecules, which takes place during 
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isothermal stretching of the muscle, proceeds with the evolution of latent 
heat. Since it has been possible in the case of certain rubber-like high 
polymers to confirm the occurrence of such ‘‘crystallization’’ as a result of 
deformation, by examining the X-ray diagram of the substance in question, 
a study of the diffraction pattern of muscle was undertaken from this 
point of view. 

X-ray photographs were taken with a Siemens fine-structure tube with Cu anode, 
operating at 30 kV and 17 mA. The radiation was filtered by a sheet of 0-02 mm. Ni 
foil, so that the interferences were due chiefly to the Kcl band of the Cu radiation. 
Photographs were taken using a pin-hole collimator, 1 mm. in diameter and 6*0 cm. 
long, the distance from muscle to film being generally between 2*5 and 3*0 cm. 
Under these conditions an exposure time of 1J hr. was necessary. 

The muscle was kept wet by a stream of Ringer solution (in the case of frog’s 
muscle) or sea water (in the case of mussel and rock-lobster muscles). In the first 
experiments the muscle was moved continuously through the X-ray beam (following 
the recommendation of Boehm 1931 ), so that the destructive effect due to irradiation 
might be reduced as much as possible, and a fresh region of the muscle presented 
continuously to the beam. Experiments showed, however, that it was not possible 
to distinguish between the diagram obtained in this way and that obtained from 
a stationary muscle. Since it was necessary to control both the temperature and the 
elongation of the muscle, it was decided (for the sake of simplifying the mechanical 
arrangements necessary) to take all photographs with the muscle stationary. In 
order to control the temperature of the muscle, a brass box which could be filled with 
ice or warm water as required was built round the cap of the pin-hole collimator. 
The muscle was laid over the pin-hole—^the penetration of solution into the latter 
being prevented by a thin film of nitrocellulose, attached to the box by shellac 
varnish. This film also served to prevent direct contact between the muscle and the 
metallic surface. 

One end of the muscle was fixed and the other attached to a thread passing over 
a pulley ; the elongation could then be increased by adding weights. 

It was found that the surface of the muscle easily became dry, although a stream 
of Ringer solution was directed on to one end of the muscle. To prevent local desic¬ 
cation during an exposure, the surface of the muscle was covered by a thin film of 
nitrocellulose. 

Under these conditions it was possible to keep the muscle at a temperature of 
ca. 3® C. for hr. if the metal box were filled with ice, and the solution irrigating 
the muscle had been previously cooled on ice to about 8 ° C., The temperature could 
be raised and kept at 26® C. by replacing the ice with water and heating the box with 
a micro-burner, while the Ringer solution could be kept at the necessary temperature 
by an electric lamp dipping into the liquid in the reservoir. The muscle was always 
earthed through the metal box. 

(a) The X-ray Diagram of Muscles from Animals belonging 
to different Phyla 

Owing to the presence of convenient attachments, the sartorius muscle 
of the frog was used for experiments on the effect of stretching and tem¬ 
perature change on the X-ray diagram; but in order to determine how far 
the diffraction patterns of different kinds of muscles are comparable, and 
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to what extent the essential molecular structure is independent of histo¬ 
logical differences, comparative studies of muscles j&om Mytilus eduUs 
and from Palinurus elephas were made as weU. 

The results of these showed that the diagram is essentially the same for 
frog’s sartorius, for the anterior byssal retractor and posterior adductor 
muscles of the mussel, and for muscles from the thoracic limbs of the 
rock-lobster. 

The X-ray diagram of the living muscle (fig. 9 , Plate 3 ), shows, as Boehm 
(1931) described (for earlier references see Boehm), a ring (corresponding to 
a spacing of about 10 A) with an accentuation in intensity forming a diffuse 
spot on the equator. From our photographs it can be seen that the spot is 
drawn out equatorially into a continuous streak, passing into the primary 
beam in a manner suggesting that other interferences of smaller glancing 
angle are present, corresponding to spacings much larger than 10 A. This 
streak cannot be due to the white radiation, since it is absent from thq 
diagram of dried muscle. From this fact it follows that the presence of 
water is essential for this appearance. 

External to the ring are a pair of meridian arcs, not mentioned by 
Boehm, although traces of them are visible in the reproductions of his 
photographs. These correspond to an identity period of ca. 5 A in the 
direction of the fibre axis. The behaviour of the inner ring and the meridian 
arcs in the experiments which have been made leads one to suppose that 
both originate from the same substance. 

The meridian sickle is enclosed by a second ring, largely due to water. 

Of the three types of muscle examined, the crustacean muscle gave the 
poorest fibre diagram. In this case the equator point was just visible, and 
the meridian arcs were drawn out into a circle. Mytilus muscles, on the 
other hand, gave the best diagrams; the equatorial streak and the meridian 
arc were always very well developed. Any differences between these 
diagrams lay within the limits of error of measurement, i.e. within ± 10 % 
of the values for the spacings given here. 

The X-ray photographs of all these muscles after drying under moderate 
tension, washing in distilled water and redrjing, could be distinguished 
from each other by the development of the meridian arc, which was most 
marked in muscle (fig. ll,Plate 3 ),lessinfrog’ssartorius,andscarcely 

to be seen in Palinurus, The positions of the interferences did not differ signi¬ 
ficantly from then positions in the photographs of fresh muscle. It was 
particularly noticeable that the indications of interferences lying near the 
primary beam disappeared on drying. Photographs of dried Mytilus muscle, 
taken at a plate-object distance of 7*6 cm,, showed no trace of interferences 
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between the equatorial spots corresponding to a spacing oi ca, 10 A and 
th^ central spot. In the case of dried muscles, the estimation of spacings 
was accurate to ± 5 %. Differences between the diagrams from muscles of 
different animals lie again within the limits of error. 

The uniformity of these results suggests that in each case a very similar 
molecular structure is responsible for the X-ray diagram. In view of the 
similarity between the diagram given by myosin fibres and that of muscle 
itself (Boehm and Weber 1932) we may reasonably suppose that it is the 
muscle fibrils themselves which are responsible for the diffraction pattern, 
since they are the only histological component common to all three types 
of muscle. 

(6) The Effect of Stretching on the X-ray Diagram of Frog^s 
Sartorius Muscle 

As a prelimmary study the effect on the diagram of the thickness of muscle 
exposed to the beam was investigated. A sartorius was placed before the pin-hole 
in one experiment so that the thickest region of the muscle (near the insertion on 
the head of the tibia) was irradiated; in another experiment, the edge of the same 
muscle (in the region of the pelvis, i.e. the thinnest portion of the muscle) was laid 
over the pin-hole. The diagrams so obtained were indistinguishable. It was therefore 
concluded that the change in thickness of the muscle as a result of stretching would 
not alone produce any change in the X-ray diagram, i.e. the effect observed must be 
due to changes in orientation of the muscle substance. 

The effect of varying the amoimt of solution passing over the muscle was also 
exmnined, and no difference in the intensity of the water-ring could be observed, 
whether the muscle were continuously irrigated or moistened at intervals of 10 min. 
It appeared lEher^ore that small variations in the flow of the physiological solution 
would not influence the X-ray diagram. 

These experim^ts sholved that the equatorial point becomes somewhat 
sharper, and darker relative to the ring, when the muscle is stretched 
from 0 to about 35 % (the temperature being constant at about 15 ® 0 .). 
Similarly the meridian arc was better defined in the stretched than in the 
unstretched muscle. The effect, however, was very slight. 

(c) The Effect of temperature Change on the X-ray Diffraction 
Pattern of Frog^s Sartorius Muscle 

If stretching results in an increased orientation of the muscle substance 
with liberation of latent heat, it should be possible, by raising the tem¬ 
perature, to dimmish the orientated component of the system, and there¬ 
fore to produce a diminution in the sharpness and intensity of the inter¬ 
ferences of the X-ray diagram. 

In th^ experiments the muscle was cooled slowly under moderate tension 
(ca. 15 g. load) to ca. C., cooling takiug about half an horn, in order to allow a 
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maximinn formation of cr37stallit6s. A photograph was taken at this temperature, 
and the muscle was then moved so that a fresh region Qovered the pin-hole, the 
temperature was raised to 25® C., and a second photograph was taken. This process 
was reputed at ^0® C. 

The diagram obtained at 25 ° C. showed a very slight diminution in 
definition of the equatorial point and the meridianal arc as compared with 
the diagram at 3 ° C. In the case of the photograph at 30 ° C. however, the 
equatorial point and the meridian arc had almost disappeared. 


(d) CoTidusiorhs to be drawn from Experiments on the effect of Deformation 
and Temperature Change on the X-ray Diagram of Musde 

The results of these experiments show that in vertebrate, moUuscan 
and crustacean muscle there is an orientated component. As compared 
with high polymers such as rubber, polyphosphonitrilic chloride, elastic 
sulphur, etc., the orientated component of muscle shows a very poor 
fibre diagram. The muscle diagram may, however, be compared with that 
of polyvinyl acetate (Misch and Kcken 1937), which shows orientation 
without crystallization (confirmed by the thermoelastic behaviour). In 
the case of muscle, the diagram exhibits signs of a higher orientation of 
the molecules than is present in polyvinyl acetate; this suggestion is 
supported by the thermoelastic properties, which indicate that latent heat 
is set free when the muscle is stretched. In this very limited sense therefore, 
we can say that the muscle fibrils contain elements possessing a rudimentary 
cyystal-like structure. 

From the thermoelastic behaviour of muscle it was predicted that the 
amount of the “crystalline” component increase during stretching. 
Actually it has been shown that the slight changes in the X-ray diagram 
which result when the muscle is stretched are in agreement with the view 
that the amount of orientated substance increases m the process of 
stretching. 

Similarly the attempt to influence the diagram by raising the tem¬ 
perature and so melting the crystallite has shown in fact that the fibre 
diagram of muscle is less pronounced at a temperature of 30 than at 3 ° C, 
(the elongation being maintained constant). 

We can say therefore that the X-ray examination of the structure of 
muscle has supplied evidence supporting the hypothesis of a partial 
“crystallization” of the muscle substance, already postulated on thermo¬ 
dynamic groim<fe. 
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6—^Ibeeveesible Phenomena 

The study of the thermoelastic properties and X-ray diflfraction patterns 
of muscle has led us to a certain conception of its molecular structure. 
We have seen that the elastic system appears to consist of long, flexible 
chain molecules, which can be orientated by stretching, and of which a 
certain fraction are associated to form crystallites. The same type of elastic 
behaviour is shown by high polymers, such as rubber, polyphosphonitrilic 
chloride, etc. In the case of these substances it has been possible to explain 
in terms of molecular structure, not only the thermoelastio properties and 
the changes in the X-ray diagram, but also irreversible phenomena of 
deformation, such as relaxation, the thermoplastic effect and hysteresis; 
it is the object of this chapter to consider such phenomena as they are 
shown by muscle, and to indicate their molecular significance. 

(a) Viscous-elastic Phenomena 

These effects were first studied by Gasser and Hill (1924) on the tetanized 
sartorius muscle of the frog. They have since been investigated in the 
resting sartorius by Poehin (1935), who followed the change in length 
with time of loaded and subsequently unloaded muscles. Similar experi¬ 
ments have been made by us, but following the change in elastic force with 
time, (The difference between the effects observed with the tetanized 
sartorius and those shown by the resting muscle, lies chiefly in the time 
scale.) Entirely similar effects can be observed in the case of certain high 
polymers, e.g. slightly vulcanized rubber, and the description of viscous- 
elastic properties given here may be apphed both to these and to muscle. 

When the object is stretched rapidly and kept at constant length, the 
tension falls, but eventually becomes constant. If the length is now 
suddenly reduced, the tension at first diminishes rapidly, but later rises in 
time, until a maximum value is reached, after which it begins to faU once 
more, but now very slowly. 

These effects might be imitated by a system such as the viscous-elastic 
model proposed by Gasser and Hill. But this model does not offer a mole¬ 
cular explanation of the phenomenon involved. 

In order to explain this behaviour in terms of molecular structure, we 
must first consider briefly the phenomenon of relaxation, as exhibited by 
well-known and simpler chain polymers. The term relaxation is used to 
denote the fall in tension in time which is observed when a given object is 
stretched and the length kept constant. Since we are considering only the 
resting muscle, the term is employ^ here in an entirely non-physiological 



51 


The Thermoelastic Properties of Muscle 

sense; the muscle is treated simply as a viscous-elastic system, like a piece 
of rubber or polyvinyl acetate. 

AU elastic substances, consisting of long chain molecules which are not 
united by cross-linkages to form a network, show complete relaxation 
when held stretched at constant length for a sudBiciently long period, i.e. 
the tension falls to zero. As the elastic force diminishes, the double 
refraction and (in the case of those substances showing partial crystal¬ 
lization) the sharpness and intensity of the interferences of the X-ray 
diagram are also reduced. This means that the chains which were at j&st 
orientated by stretching, become disorientated: from being straightened 
out they contract and become irregularly twisted, sKding over each other 
until their configurations are chaotic and highly probable, as in an 
amorphous, unstretched object. 

If, on the other hand, the chains are united by chemical bonds to form a 
loose, three-dimensional network, this unrestricted sliding over each other 
becomes impossible. Such is the case in considerably vulcanized rubber 
and elastic fibres. Many high pol3miers, however, show a mixed type of 
structure: two interpenetrating systems are present, a network which 
cannot relax, and chains which show relaxation. This, is the condition in 
slightly vulcanized rubber, polyphosphonitrilic chloride, polyvinyl acetate, 
etc. We have seen that the muscle resembles these substances in that both 
show limited relaxation. It is concluded therefore that in muscle, also, the 
viscous-elastic properties are due to the presence of a network of chains, in 
the meshes of which are free chains. This conclusion is supported by the 
results of preliminary experiments on the bfrefcingence of frog’s sartorius 
muscles and buccal retractor muscles of Helix pomatia. If the muscle is 
stretched rapidly and held at constant length the double refraction of the 
stretched muscle diminishes in time, as in the case of certain high polymers 
such as polyvinyl acetate. 

When such a system is stretched, the chains are straightened out and 
orientated: those of the Imked-chain system since they behave like a 
three-dimensional net subjected to a non-homogeneous tension, the others 
because of the frictional drag exerted by the first system. But while the 
network is held fast the firee chains are able to slide until their distribution 
is once more chaotic; correspondingly, the tension and the double refraction 
fall in time until this distribution is complete. 

As soon as the tension is reduced the network contracts and the free 
* chains are now strained in the direction of contraction. There will thus be 
at first an apparent equilibrium between the tendency of the network to 
contract, and that of the free chains to expand. But since the latter are 
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able to move fireely they wiU gradually yield to the constraint eprted by 
the network, and further contraction of the latter leads to a rise in tension 
of the object. 

The hypothesis of the existence of two systems in slightly vulcanized 
rubber (advanced by various investigators) is supported by the fact that 
part of the rubber is soluble in organic solvents (the free chains), leaving an 
insoluble residue. 

Similarly, in the case of muscle it has been shown by Saxl (1907) that 
it is possible to remove nearly 90 % of the total protein in soluble form by 
the repeated extraction of fresh and finely minced muscle. 

It is reasonable to suppose, then, that the behaviour of muscle is deter¬ 
mined by the existence of two systems, one of which has elastic and the 
other plasto-elastic properties. This conclusion is not very different from 
that drawn by Gasser and Hill from their study of the active muscle. We 
believe, however, that it is possible to identify these two systems with the 
three-dimensional network of primary-valence chains, and the free chains 
in the meshes of this network. In the present state of our knowledge it is 
impossible to associate these systems with any particular histological 
elements in muscle. 


(6) Thermoplastic Fhenomena 

At high temperature the rate of fall in tension of a stretched muscle at 
constant length is greater than at low temperature, and it was necessary 
to take this fact into account in the experiments on the thermoelastic 
properties. In some cases, when th^ muscle had apparently reached a 
steady tension at a given elongation, it was observed that the tension 
began to fall when the temperature was raised. This is shown in fig. 8 
by the first cycle of temperature change, in which the elastic force diminished 
rapidly at the highest temperature before the muscle was cooled. In the 
case of this muscle the steady tension had been reached at the lowest 
temperature. It was therefore always desirable to allow the muscle to 
reach equilibrium at the highest temperature to which it would be exposed 
during the experiments on its thermoelastid properties. 

The same effect is shown by certain high polymers, e.g. slightly vul¬ 
canized rubber, and the phenomenon may be explained in terms of the 
model already suggested. At high temperature, the plasticity of the free- 
chain system is greater than at low temperature; in consequence relaxation 
comes sooner to an end, and equilibrium is established more rapidly. 
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(c) Hysteresis Phenomena 

The force-deformation curve of muscle was also examined. It was 
found that if the maximum load did not exceed 3 g., the muscle showed no 
measurable permanent deformation, i.e. the initial and final states coin¬ 
cided, although the curve of extension did not coincide with that of 
contraction. This work-loss in a cycle of loading-unloading, i.e. the 
hysteresis, is shown by many high polymers, and indicates that the de¬ 
formation has not proceeded sufficiently slowly for the establishment of 
true equilibrium. Experiments at different temperatures showed that the 
area of the hysteresis loop was less at a temperature of 20° 0 . than at 9 ° C. 
(as is the case with high polymers such as rubber and polyphosphonitrilic 
chloride). 

The hysteresis may be considered as due in part to retardation in the 
establishment of the equilibrium position of the free chains (as a result of 
their high viscosity), and in part to delay in the process of “crystalli¬ 
zation”. 


7—^The Conbition- of the Chaih Molecules iisr 
Contracted Muscle 

We have seen that primary-valence chain molecules are present in 
muscle (more specifically in the muscle fibrils). The links of these chains 
are able to move over those of neighbouring chains like the molecules in 
a liquid. We may now consider whether the condition of the chains in 
the contracted muscle is the same as that in resting muscle. 

It has already been shown by Meyer (1929) and Boehm (1931), that the 
orientated fraction of the muscle substance disappears during isotonic 
contraction. This has been confirmed by X-ray photographs of a small 
bundle of fibres from the posterior adductor and anterior byssal retractor 
of Mytilus edulis in the contracted condition (fig. 10, Plate 3 ). Microscopic 
examination showed that the fibres themselves were not significantly 
crumpled in the contracted state, i.e. the change of the fibre diagram into 
a Debye-Scherrer diagram is not therefore due to amicroscopic disorientation 
of the fibres, but must be due to a submicroscopic change ia the structure 
of the system. It is reasonable to suppose that the chains themselves are 
crumpled in the contracted state. Indeed, it is difficult to imagine con¬ 
traction taking place without a crumpling of the chains. 

The suggestion has been made (Meyer, 1929) that contraction occurs as 
a result of a chemical reaction causing the chains to contract. Without 
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further discussion of this theory we wish to consider what conclusions 
about the condition of the crumpled chains may be drawn from thermo¬ 
elastic and other properties of the contracting muscle. 

Our experiments have shown that if a muscle in tetanus is rapidly 
cooled, the force exerted increases, i.e. the force developed has a negative 
temperature coefS.cient. Since, however, the system is not in equilibrium, 
it would be impossible, without other evidence, to draw any conclusion 
about the elastic properties of the contracting muscle from this fact, 

Agm-mn. (1924) has shown, however, that during the onset of contraction 
at least, the muscle is cooled by stretching, i.e. it behaves, not as a rubber¬ 
like substance, but as a normal solid body, in which deformation takes 
place with the displacement of atoms or groups from their positions of 
minimal potential energy. 

This observation is in agreement with the negative temperature coeffi¬ 
cient of the force developed already described. Both results suggest that 
the excited muscle, at least at the begianing of the contraction, resembles 
a TinTTnfl.1 solid. This means that there is a fundamental difference between 
f.hiH condition and the non-stimulated condition: as a result of stimulation 
the mobility of the links of neighbouring chains relative to each other 
has disappeared; the “Mquid” bonds have become “solid” bonds, and the 
viscosity of the system has very considerably increased. 

This change in the nature of the bonds present in the system is also 
shown by the experiments of Gasser and Hill (1924) on the damping of 
the vibrations of a steel spring by a muscle. The viscosity of the muscle 
(as measured by the damping) is much greater in the tetanized muscle than 
in the resting muscle. 

We suggest therefore that during contraction the protein chains pass 
from the rubber-like state to that of a solid body. It may be said that the 
musde protein undergoes a reversible coagulation. 

We are deeply indebted to Dr Lore Misch for constant and invaluable 
assistance and advice during the work on the X-ray analysis of muscle 
structure. 


StrMMAE,Y 

The effect of temperature change on the elastic force exerted by a 
stretched, unstimulated muscle at constant length has been investigated. 

At small and l^ge elongations, the temperature coefficient is negative: 
the muscle behaves like a normal solid. 

At intermediate elongations the coefficient is positive and the elastic 
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force increases more rapidly than the absolute temperature. From this 
behaviour the following conclusions about the structure of muscle and the 
origin of the elastic force may be drawn: 

(a) The elastic system of muscle (and in particular that of the fibrils) 
consists of flexible, primary-valence chain molecules, the arrangement of 
which in the resting muscle is random and highly probable, but becomes 
ordered and less probable in the stretched muscle. Thermal agitation tends 
to provoke a return to the original, unordered condition. 

(b) Latent heat is set free during stretching and may be considered as a 
sort of heat of crystallization. 

X-ray studies show that the degree of orientation of the muscle substance 
is augmented by stretching and diminished by warming—agreement 
with the conception of molecular structure reached from a consideration 
of the thermoelastic behaviour. 

A molecular interpretation of the viscous-elastic properties of muscle is 
offered, and is supported by experimental evidence. The elastic system of 
the muscle behaves as if composed of two components: flexible protein 
chains forming a three-dimensional network, and free chains in the meshes 
of this net. 

While in the resting muscle the links of neighbouring chains are able to 
slide freely over each other, like the molecules in a liquid, in the actively 
contracting muscle such “liquid” bonds appear to be replaced by more 
“ solid ” linkages. 
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DESCRiPTio]sr OE Plate 3 

All photograplis taken with Cu radiation filtered with 0*02 mm. Ni foil, using a 
pin-hole collimator 1-Ox60mm. Exposure time^lj hr. Tube operating at 30kV, 
17 mA. 

ipiQ. 9_Anterior byssal retractor muscle of Mytilus eduUs, ca. 40 % stretch, tempera¬ 

ture ca. 15° 0. Distance from muscle to film 27-8 mm. 

Fig. 10 _^A small bundle of fibres from this muscle photographed in the contracted 

condition under zero load. Distance from muscle to film 25-0 mm. 

Fig. 11—^The same muscle dried under tension, washed in distilled water and redried 
•under tension. Distance from muscle to film 31*1 mm. 
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Olfactory Conditioning in a Parasitic Insect and its 
Relation to the Problem of Host Selection 

By W. H. Thorpe, M.A., Ph.D. anb P. G. W. Jones, B.A. 

From the Department of Entomology, Zoological Laboratory, Cambridge 

{Communicated by A. D. Imms, F,B,S,—Received 4 May 1937) 
IlSTTROLtrOTION 

It has often been stated that insect species which breed on two or more 
hosts tend to become split into biological races, each of which is attached to 
a particular food-plant or host as the case may be. But although the fact 
of the existence of biological races is well known, their mode of origin is, in 
most cases, in dispute. It is not known how far the biological characters of 
such races are germinally fixed, and it has been suggested that in many 
cases a group of individuals may become restricted to certain host species 
not by any germinal change, but by a kind of conditioning, as a result of 
which the adult female is attracted for oviposition to the particular species 
on which she had fed as a larva. This is the idea behind the so-called ‘'Host 
Selection Principle” of Walsh, and it is a possibility which must be care¬ 
fully considered when assessing the value of experiments attempting to 
establish the inheritance of acquired characters. It is obvious that if a 
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conditioning of tMs sort was actually occurring, a polyphagous insect 
species might rapidly become split into two or more populations each 
attached to a given species of host (plant or animal as the case may be). 
The barrier thus created might persist for a very long time without any 
hereditary specialization taking place. It is known, however, that the 
characters which distinguish biological races are in fact often germinally 
fixed, and in some instances it has been shown that even though all 
structural differences are absent there may be repugnance for cross¬ 
breeding between two biological races of the same species (Thorpe 19306), 
It is nevertheless often difficult to visualize the means by which such 
germinal differences could become established without the aid of the eco¬ 
logical separation which such host conditioning might provide. 

Although from the evolutionary point of view the postulation of such 
‘^pre-imaginal conditioning” would seem to be reasonable enough, yet 
there are obvious theoretical physiological difficulties in the way. The 
subject of reflex conditioning in insects has as yet barely been touched, 
but it is known that in some insects where conditioning is possible (ants, 
hive bees and butterflies) the effect is only of short duration. It might 
seem somewhat surprising therefore if in others conditioning could endure 
throughout a pupal period of considerable length. Another obvious 
difficulty is that involved in explaining how such conditioning could per¬ 
sist in the nervous system during the pupal period at a tnne when great 
structural reorganization is going on. It is possible, however, that this 
objection is more apparent than real, since there is not in general the same 
sudden and extensive histolysis in the nervous system that one finds in 
many other tissues. Indeed, in many insects the nervous system of the 
larva is transformed into that of the adult by a. gradual series of changes, 
often commencing well before pupation. Since the subject is of such 
practical and theoretical interest it is somewhat surprising to find that 
there is little work which throws any light upon the problem. In 1929 the 
senior author published an account of the host plant races of the small 
ermine moth {Hyponomeuta), This work gave some indication that although 
the oviposition responses of the moths were germinally fixed yet rearing on 
an unaccustomed food plant did have some modifying effect. The figures, 
although suggestive were not, however, fully significant on this particular 
point. Owring chiefly to the low reproductive rate which made Hypono- 
meuta very unsatisfactory for this type of work, the experiments were not 
continued. Larson’s experiments (1927) on the oviposition responses of the 
pea weevil, Bruchus qmdrimaculcUus^ led him to the conclusion that the 
adults of this species show no marked predilection for the host in which 
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they have bred, and that continued breeding in a given host does not 
appear to intensify the preference for that host. It may, however, be 
objected that a highly polyphagous insect such as Bruchus is not one in 
which the effect might be expected to manifest itself particularly strongly, 
and that it would be more reasonable to look for it in an insect attacking a 
few hosts only. In this connexion the work of Thompson and Parker (1928) 
and that of Quayle (1926) is more convincing. The former authors, in the 
course of extensive work on the European corn-borer Pyrausta nubilcdis, 
failed to show that individuals reared from maize were biologically differ¬ 
entiated from those on the original host plant Artemisia, except that the 
slight positive predilection which Artemisia individuals have for oviposition 
on that plant seems to have been lost by the maize individuals. Quayle 
worked with the codling moth Cfarpocapsa pomonella. His experiments, 
not completely conclusive, failed to show that the curious habit of this 
insect of attacking walnuts in California was associated with the develop¬ 
ment of a biological race. 

It is natural to expect that a pre-imaginal conditioning effect would be 
more likely to develop in the case of endoparasitic insects since the larvae 
of such forms are in particularly close and intimate relationship with their 
hosts. It seems that the only parasite in which the matter has been at all 
adequately investigated is that of the egg parasite Trichogramma. In this 
form Salt (1935) has failed to find any evidence of preference for eggs of 
Sitotroga in those individuals reared on that species. This, however, is not 
surprising since Salt has since shown that the olfactory sense plays little 
or no part in the host finding of Trichogramma. It seems very probable 
that Trichogramma is exceptional among endoparasites in this respect, and 
therefore it seemed worth while investigating the subject in some other 
parasitic hymenopteron, preferably one which is restricted to, a few host 
species and in which the finding of the host is primarily by the olfactory 
sense. For this purpose Nemeritis canescens (Grav.) seemed almost ideal. 
Nemeritis is an ichneumonid parasite which develops at the expense of the 
fioux moths Ephestia huhniella (ZeU.) and E. elutella (Hb.) (Family Pyra- 
lidae, subfamily Phycitinae). It is very easily reared in the laboratory and 
completes its fife history in the relatively short period of 3-4 weeks at 
optimum temperature; moreover it is completely parthenogenetic, males 
being unknown in this country. A culture of it has been reared in this 
Department continuously during the last 3 years. Under natural conditions 
in Europe it is known only from the two species of Ephestia above men¬ 
tioned, although in the U.S.A. a race exists which while structurally 
identical develops solely at the expense of the large wax moth {Galleria 
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melhnella L.) also of the Family PyraJidae but belonging to the subfamily 
Galleriinae (Richmond 1925). In the course of experimental work which it 
is hoped to publish before long, the senior author discovered that the 
European race of Nemeritis canescens could be reared without great diffi¬ 
culty upon the small wax moth Meliphora grisella (F.), a closely related 
insect belongiug to the same subfamily. Although under normal conditions 
oviposition could only very rarely be obtamed upon this host, yet it was 
found that by contaminating the larvae of Meliphora with the smell of the 
normal host in various ways egg-laying could fairly easily be secured. The 
egg is placed in the blood of the host and the larva develops in the usual 
manner, first feeding on the blood and later on the fat body and other 
tissues, ultimately emerging from the skin of the host in order to spin its 
cocoon. Repeated attempts were made to rear it on Oalhria but only on 
a few occasions were these attended with success. It appears that even 
when oviposition of the European race can be secured on this host only 
a small proportion of the eggs are able to develop. 

Although it is not necessary to describe here in great detail the way in 
which Nemeritis finds its host, yet the subject must be dealt with briefly in 
order to establish with certainty that smell is the most important factor in 
the choice. One could not, of course, expect a conditioning of this type to 
be concerned with anything except chemical sense. It was shown by means 
of an olfactometer of the Mclndoo type that the insect is strongly attracted 
by odour* to the region in which the host is to be found. The possibility 
that it is also attracted by the floury substance on which the host feeds was 
also investigated, and the results of this experiment are shown in Table I. 
Having reached the region in which the host is situated the parasite 
commences to walk about exploring the surroundings by means of its 
antennae, which are in constant vibration. It is immediately stimulated by 
any traces of the host larva, and extrusion of the ovipositor is at once 
prodticed if the parasite walks over a surface which an Ephestia larva has 
previously traversed. This is clearly a case of the ‘‘Kontakt-Geruchsinn” 
described by Murr (1930). This effect will last for a considerable time, and it 
is possible to produce immediate unsheathing of the ovipositor of Nemeritis 
merely by placing it in a box in which an Ephestia larva had been confined 
for an hour or two more than a week before. As soon as the ovipositor is 
unsheathed the insect proceeds to stab with it more or less at random, 
although the stabbing is more in evidence when the animal is in the corner 
of the box or cage, when there are crevices in the substratum or when it is 

* Similar conclusions were arrived at by von Steia-Beling ( 1934 ) as a result of 
experiments with marked individuals. 
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on some fairly soft or easily penetrable substance such as muslin. The 
extrusion of the ovipositor and subsequent stabbing is a very good indica¬ 
tion of stimulation by ^'Kontakt-Geruchsinn”. But it can be induced by 
other methods, for instance stabbing takes place much more readily in 
insects which have been kept for a long time without access to any host. 
Dissection of such animals shows that the oviducts are tightly packed with 
eggs, and it may be that this distention enables the stabbing reflex to be 
more easily called forth. In insects kept under these conditions we have 
observed occasional stabbing through the muslin of the cage even without 
any traces of the host being present. Stabbing with the ovipositor is also 
to some extent a defence mechanism, for if the insect be seized with a pair 
of forceps or by the fingers it stabs vigorously until released. Similarly if 
the Nemeritis are kept under crowded conditions in the cages, owing to their 
constant jostling against one another in their attempts to get food, they are 
frequently seen to stab one another, and on two occasions we have dissected 
female Nemeritis which contained a dead first-stage larva in the body 
cavity. It is fairly certain that this was a case of parasitism resulting from 
defensive stabbing while in a crowded cage. 

Finally the texture of the substratum may itself play a part in inducing 
the imsheathing of the ovipositor, and in the case of insects which have been 
kept for a long period without previous chance of oviposition, it is not 
difficult to elicit a tentative stabbing of the cocoon of Meliphora, From 
experiments described below it is clear that this is mainly a response to the 
texture of the cocoon and not to the odour of the host. Once the stabbing 
reflex has been called forth it is evident that some perception of the texture 
of the host, and possibly also of size, comes into play. Hosts which are too 
large or too small are not accepted even though they are very strongly 
contaminated with the odour of EpTiestia. Nor has it so far been found 
possible to secure oviposition in dead hosts although these are readily 
stabbed. Apparently movement of the host upon pricking is the final 
stimulus which induces the passage of the egg down the ovipositor. 

It seems that sight plays little or no part in the finding of the host, since 
oviposition experiments conducted in darkness yielded as high a rate of para¬ 
sitism as those in the light. It appears also that the olfactory sense resides 
entirely in the antennae, for it is a simple matter to amputate the antennae 
leaving only the basal segments. Recovery from the operation is rapid, and 
in cages the behaviour of insects thus treated appears normal, save that the 
movements are somewhat more jerky and erratic than usual. There is no 
difficulty in flying. When they are transferred to a cage containing oatmeal 
contaminated vrith Ephestia larvae they show no reaction whatever. 
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displaying no interest in the larvae whether naked or in their cocoon. 
Operated insects feed and live apparently normally, and the cleaningreflexes 
of the abdomen and of the appendages remain unaffected. 

Further evidence of the unimportance of visual sense in finding the host 
is shown by the lack of response to objects such as gelatine capsules 
covered with muslin approximately the same shape and size as the host 
cocoon. As long as there is no trace of host odour attached to these objects 
the insect betrays no interest in them at all. Moreover under natural 
conditions the host, at the stage when it is bemg attacked by the parasite, 
is usually completely covered by the flour and is entirely hidden from view. 

It will be seen from this brief accotmt that the host selection of Nemeritis 
closely resembles that of Microplectron fuscipennis (Zett.) as described by 
Ullyett (1936). It is, however, clear that in Nemeritis the sense of smell 
plays an even more important part than it does in the case of Microplectron, 
smce vision appears to play no part at aU and smce oviposition can be 
obtained almost as easily in a naked larva as in the larva enclosed in the 
cocoon, provided the correct odour is present. It appears, therefore, that 
Nemeritis is a particularly suitable insect for the present investigation. 

Methods 

As has already been indicated, an extensive series of preliminary experi¬ 
ments, details of which it is not necessary to enter into here, had clearly 
shown odour to be the dominant factor in host selection. Accordingly some 
experimental method was required which would permit of investigation of 
the responses to this factor alone. After a number of trials a simple ol¬ 
factometer, differing in various smaE points from that origmaUy described 
by Mclndoo (1926) was found to be highly satisfactory (fig. 1). 

The insects to be investigated are placed in the tube A and are aEowed 
to settle down, the cEp B being closed. The larvae, which are to be the 
source of the test odour, are placed in one or other of the tubes QG, They 
are prevented from escaping by a plug of cotton-wool at one end of the 
tube and a cap of bolting sEk at the other. Air is then drawn through the 
tube D by means of a suction pump, the flow through the two tubes HE 
being equalized by means of a system of cEps and wash-bottles not shown 
in the illustration. When a steady flow has been established the cEp B is 
opened so that the insects in A can make their way towards the Eght L 
from which they have been protected by the screen S. If any insects find 
difficulty in leaving A, the space in which they are enclosed is graduaEy 
reduced by the plunger P untE aE have passed through. On reaching the 
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fork of the glass tube E they are exposed to the alternative odours and 
having made their response are eventually trapped in one or other of the 
tubes FF, 

Preliminary tests showed the region of contact of the two air streams to 
be sharply defined, thus facilitating the making of a genuine response. 
Experiments in which the apparatus was run without any “bait” showed 
that there was no appreciable bias towards one side, but in order to avoid 
any possible error due to this source the position of the “baits” was 
alternated from one arm to the other at frequent intervals during each 
series of experiments. Thus in one half of each set the main stimulus would 
be on the right limb and in the other half on the left. After every few 
experiments the apparatus was washed out with a stream of water and 
dried with alcohol followed by a current of air. This was thought advisable 
in order to obviate the possibility of errors due to accumulation of dust 
from the host larvae, or to the traces left by the Neimritis themselves. As a 
matter of fact some test experiments designed to show the influence on the 
results of these factors failed to give any indication that they were appreci¬ 
able sources of error. The apparatus worked well provided that the tem¬ 
perature was maintained constant within certain limits. If the temperature 
is too low the insects are sluggish and will not go through the apparatus at 
all *, if it is too high they tend to rush through so rapidly that it is impossible 
for them to exercise any “ choice ” and the resulting distribution is random. 
In actual fact the great majority of the experiments were carried out in a 
constant temperature room at 25® 0. and 70 % relative humidity. This was 
found to give practically the optimum rate of passage. 

With few exceptions the Nemeritis used throughout the experiments 
had not had any previous opportunity for oviposition. They were for 
the most part between three and ten days old and were always kept weU 
supplied with food in the form of water, raisins or honey. From this it 
may be assumed that the results of the olfactometer experiments were 
all indicative of oviposition response, not feeding r^ponse. 


Results of Expeeimekts 
a —Nemeritis reared on Ephestia 

As a first experiment it was desirable to determine whether one of the 
normal food materials of the host, namely oatmeal, without any traces of 
the Ephestia itself exercised any attraction for Nemeritis, certain chance 
observations having indicated that this might be the case. Accordingly a 
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group of fifby Nemeritis reaxed jfrom the normal host EfJmtia were put 
through the olfactometer, one arm of which contained clean oatmeal, the 


Table I— ^Responses oe etpty iNDiviDtrALS oe Nbmbbixis oanesobns 
(reabek e»om Ephestia) to Clean Oatmeal in Oleaotometbb,. (Toe 

ELLLEE EXPLANATIOET SEE TEXT) 


Exp, 

a 

Oats 

a' 

Blaak 

n 

Total 

P 

ap 

1 

9 

11 

20 

0-45 

4-05 

2 

12 

15 

17 

0‘706 

8-47 

3 

8 

12 

20 

0-40 

3-2 

4 

11 

6 

16 

0‘69 

7*69 

5 

8 

9 

17 

0*47 

3-76 

6 

7 

5 

12 

0*58 

4-06 

7 

11 

10 

21 

0*524 

6-75 

8 

8 

5 

13 

0-616 

4-92 

9 

10 

4 

14 

0-71 

7-1 

10 

8 

4 

12 

0-666 

5-28 

11 

7 

3 

11 

0-636 

4-45 

12 

6 

4 

10 

0-60 

3-6 

13 

6 

3 

8 

0-62 

3-1 

14 

5 

4 

9 

0-55 

2-75 

15 

4 

5 

9 

0-446 

1-78 

16 

13 

5 

18 

0-725 

9-42 

17 

16 

7 

22 

0-68 

10-20 

18 

9 

9 

18 

0-5 

4-5 

19 

8 

10 

18 

0-44 

3-52 

20 

9 

7 

16 

0-56 

5-04 

21 

8 

3 

11 

0-72 

5-76 

22 

5 

2 

7 

0-71 

3-65 

23 

7 

4 

11 

0-636 

4-45 

24 

11 

5 

16 

0-687 

7-55 

25 

14 

7 

21 

0-666 

9-32 

26 

11 

7 

18 

0-61 

6-71 

27 

6 

2 

8 

0-75 

4-5 

Total 

235 

167 

402 




= Oats 58-6 %; = Blank 41-6 %. 


Standard error = = ± 2-49 % when p = 0-6 and q = 0-5. 

p =1^=0-585, g=l-p = 0-416. 

_ £ (ap)-np _ 144-38- (236 x 0-685) 6-78 ,, . p _ n 

^ pq 0-686 X 0-415 " 0-243 “ .. P - 0-36. 


other arm being empty. The results of these experiments are shown in 
Table I. It will be seen that out of a total of 402 choices the arm containing 
the oatmeal was favoured 236 times or 58*5 % and the empty arm 167 times. 
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The standard error calculated from the formula for an expected ratio 

of 1: 1, i.e. when p and q are each 0*5, is ±2*49%; and since the value 
58*5 % exceeds 50 % by more than twice the standard error the result can 
be considered as significant. In all the subsequent tables also the s.e. has 
been calculated on the basis p = 0*5. The tables of Purewal and Rao ( 1936 ) 
have been found convenient for this purpose and have saved considerable 
labour. 

It will be seen from a glance at the figures in Table I that there is a 
considerable variation in the results of the individual experiments, extremes 
being Exps. 3 and 27. Accordingly it seemed desirable to test the homo¬ 
geneity of the series of experiments by means of the formula ^ 


where a = the number of ‘^choices” for oats in each experiment, p ^ 
expressed as a proportion of the total number for the experiment; n = the 
sum of the totals for oats for the whole series, p = n, expressed as a 
proportion of the total number for all experiments, andg = 1 —p. The 
problem is to determine whether the variance shown by the series of values 
is in agreement with the expectation of normal variance; or in other words 
can the variations be considered as due to chance alone or are they evidence 
of some heterogeneity in the behaviour of the insects or in the conditions 
of experiment? Using the table of given by Fisher ( 1936 ) it will be 
seen that when the number of degrees of freedom (i.e. one less than the 
number of experiments in the series) is 26 the value of x^ corresponding 
to a probability (P) of 0*05, is 38*88. Therefore any value of x^ below this 
figure is satisfactory in that it means that the data are compatible with 
a hypothesis of homogeneity. Actually it will be seen that the value found 
for x^ of corresponds to a P of approximately 0*36. In other words 
the probability that a x^ of 27*9 should be exceeded is more than 1 in 3; 
therefore we can be satisfied that the results of the series of experiments 
are consistent. From the series we can therefore conclude that the smell 
of fresh oatmeal has a slight attraction for Nemeritis canescene. 

The next point was to determine the intensity of attraction exerted by 
the scent of larvae of Ephestia on Nemeritis reared upon this, their normal, 
host. For this purpose six half-grown hvmg larvae of Ephestia were placed 
in one arm of the olfactometer, the other being left blank. The results of 
this set of experiments in which seventy individuals of the parasite were 
employed are given in Table II. It will be seen that there is a very strong 
preference for the arm containing the larvae; since the standard error is 
only ± 3 * 43 % the results are obviously significant. calculated as 


Vol cxxiv— B. 


p 
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described above, also gives a result which is entirely satisfactory in that it is 
much less than the critical value of 16-9 which corresponds in Fisher’s 
tables to a jp of 0-05 when « = 9. Actually a of 8'06 indicates a P of 
approximately 0*47. 

Table n—^R esponses op seventy IirorviDnALs o'eNbmeritis oanesoens 
(beabed peom Epsestja) to Laevab op Epbestia in olpaotombtee 


Exp* 

Ephestia 

Blank 

Total 

1 

15 

0 

15 

2 

23 

5 

28 

3 

13 

2 

15 

4 

7 

0 

7 

5 

18 

2 

20 

6 

24 

1 

25 

7 

21 

5 

26 

8 

18 

4 

22 

9 

12 

3 

15 

10 

35 

5 

40 

Total 

186 

27 

213 


= Bphestia 87-3 %; = Blank 12-7 %; standard error ± 3-43 %. 
X* = — = 8-06, P = 0-47 approx. 


Following this result the reaction of Ephestia-ieared Nemeritis to a 
choice of the two hosts was investigated; six larvae of Meliphora being 
placed in one arm of the apparatus and sis of Ephestia in the other. Care 
was taken to use clean larvae of approximately the same size and age in 
each case and most careful precautions were taken to prevent the contami¬ 
nation of one of the hosts by the smell of the other. The results of a series 
of experiments using thirty-five individuals are given in Table III. It 
will be seen that there is no evidence that the odour of Meliphora larvae 
exerts any attraction for Nemeritis and allowing for the standard error and 
comparing Tables 11 and III it is obvious that there is no significant 
difference. TMs is borne out by consideration of Table IV which presents 
the results of a set of experiments in which the alternative was between 
Meliphora and “blank”. The figures 60-8 and 49-2 % do not differ signifi¬ 
cantly ffom 60% and the results therefore can be ascribed to chance. 
A glance at the sets of figures in Tables III and IV shows that they are 
remarkably homogeneous, consequently it was not considered necessary to 
evaluate 

From these results therefore we may conclude that Nemeritis reared on 
its normal host Ephestia, while responding very strongly to the smell of 
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Table III—^Responses of thtrty-fivb Individuals of Nemebitis 

OANESCENS (REARED FROM EpHESTIA) TO LaRVAE OE EpHESTIA AND 

Melipboba in Olfactometer 


Exp. 

Ephestia 

Meliphora 

Total 

1 

12 

6 

18 

2 

6 

0 

6 

3 

10 

1 

11 

4 

9 

3 

12 

5 

20 

3 

23 

6 

18 

3 

21 

7 

8 

1 

9 

8 

7 

1 

8 

9 

9 

3 

12 

10 

8 

3 

11 

11 

18 

2 

20 

12 

29 

1 

30 

Total 

154 

27 

181 


= Ephestia 85%; = Meliphora 15%; standard error±3-72%. 


Table IV—^Responses of 150 Individuals of Nemebitis oanesoens 
(reared from Epbestia) to Larvae of Melipboba in Olfactometer 


Exp. 

Meliphora 

Blank 

Total 

1 

7 

7 

14 

2 

7 

17 

24 

3 

2 

7 

9 

4 

16 

10 

26 

5 

9 

4 

13 

6 

8 

7 

15 

7 

4 

6 

10 

8 

7 

7 

14 

9 

f 

6 

13 

10 

7 

13 

20 

11 

11 

8 

19 

12 

4 

6 

10 

13 

2 

8 

10 

14 

5 

5 

10 

15 

8 

2 

10 

16 

6 

4 

10 

17 

3 

7 

10 

18 

3 

7 

10 

19 

7 

3 

10 

20 

7 

3 

10 

21 

6 

4 

lb 

22 

8 

2 

10 

23 

8 

2 

10 

24 

9 

8 

17 

25 

8 

6 

14 

26 

2 

3 

5 

27 

2 

8 

10 

28 

10 

6 

16 

29 

1 

2 

3 

Total 

184 

178 

362 

= Meliphora 60-8 %; = Blank 49-2 %; standard error + 2-63 %. 
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Ephestia, is not significantly attracted by the odour of Meliphora. The 
occasional instances of oviposition in the larvae of Meliphora by insects 
caged with them (see introductory section) must therefore be due to stimu¬ 
lation of senses other than the olfactory. 

b —^Nemeritis reared on Meliphora 

Concurrently with the above series of experiments a similar series was 
made, using instead Nemeritis which had been reared upon Meliphora. The 
insects used, unless otherwise stated, were between 1 and 2 weeks old. 
Oviposition was secured by contaminating the larvae of Meliphora with the 
smell of Ephestia before presenting them to the parasite. After parasitiza- 
tion they were returned to their normal milieu of broken honeycomb. The 

Table V— ^Responses oe approximately seventy Individtjals oe 
Nemeritis canescens (beared erom Meliphora) to Larvae oe 
Ephestia in Oleactometer 


Exp. 

Ephestia 

Blank 

Total 

1 

8 

2 

10 

2 

9 

1 

10 

3 

8 

2 

10 

4 

8 

2 

10 

5 

9 

1 

10 

6 

9 

1 

10 

7 

10 

0 

10 

8 

9 

1 

10 

9 

9 

1 

10 

10 

7 

3 

10 

11 

8 

2 

10 

12 

6 

1 

7 

13 

8 

0 

8 

14 

8 

0 

8 

15 

7 

2 

9 

16 

8 

1 

9 

17 

6 

1 

7 

18 

6 

1 

7 

19 

16 

5 

21 

20 

23 

3 

26 

21 

18 

2 

20 

22 

16 

4 

20 

23 

17 

3 

20 

24 

14 

5 

19 

25 

12 

4 

16 

26 

14 

2 

16 

27 

13 

3 

16 

28 

12 

2 

14 

Total 

298 

55 

353 


— Ephestia 84*4 %; = Blank 15'6 %; standard error ± 2'66 %. 
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Nemeritis which emerged were carefully isolated from the odour of 
Ephestia, and except in a few instances had not had any opportunity for 
oviposition before being used for the experiments. Tables V, VI and VII 
correspond to Tables II, III and IV. It will be seen at a glance that there is 
respectively a very considerable difference between them and the question 
arises whether these differences are significant. Consider first the differences 
between the results given in Table 11 and those in Table V. In each case 
the alternatives are Ephestia and ‘"blank”, but in one instance the parasites 
employed were reared on Ephestia^ in the other on Meliphora. In a com- 

Table VI— Responses oe 112 Individuals of Nemebitis canescens 
(beared from Meliphora) to Larvae of Ephestia and Meliphora in 

Olfactometer 


Exp. 

Ephestia 

Meliphora 

Total 

1 

13 

5 

18] 

2 

13 

7 

20 

3 

16 

5 

21 

4 

13 

6 

191 

5 

15 

4 

19 

6 

10 

6 

16 

7 

20 

12 

32 

8 

10 

6 

lei 

9 

16 

3 

191 

10 

12 

3 

16/ 

11 

14 

6 

20 

12 

13 

9 

22] 

13 

13 

9 

22 

14 

16 

4 

20 

15 

17 

3 

20 

16 

18 

6 

24 

17 

13 

6 

19 ' 

18 

13 

7 

20 

19 

23 

5 

28 

20 

8 

10 

18 

21 

8 

20 

28 

22 

9 

5 

14j 

23 

14 

12 

26' 

24 

16 

9 

25 

25 

14 

11 

25 

26 

13 

8 

21 ' 

27 

15 

9 

24 

28 

14 

6 

20^ 

Total 

389 

202 

591 


1st generation 


5th generation 


7 th generation 


8th generation 


= Ephestia 65-8 %; = Meliphora 34-2 %; standard error ± 2*06 %. 


^__ E(ap)-np _ 


= 38*5, P = 0*06 approx. 
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parison of this sort the distribution is again of value^ the method being 
employed as a test of independence (see Fisher 1936 , p. 90 ). Table XIII 
shows the details of the process of calculating from the formula 

, {ad^bcYN 

^ [a’\‘h){c + d){a + c){h+dy 

In this case, since there is only one “degree of freedom” the values for 
in Fisher’s table must be read from the column == 1 . In this column the 
value 3‘841 corresponds with the value of P = 0*05. Thus a value of 
greater than 3*841 impKes that there is less than 1 chance in 20 that the two 
classifications are independent. Since in the example under discussion 
;)^2 9.13 ^0 safely assume that the differences between the two 

sets of tables are significant. For one degree of freedom a of 9*13 
corresponds to a P of less than 0 * 01 ; i.e. the probability that the differences 
are due to chance is less than 1 in 100 . One is consequently justified in 
assuming that the rearing of Nemeritis on Meliphora causes a real difference 
in the intensity of its response to the smell of Ephestia, 

But such a result might merely indicate a general loss in vitality con¬ 
sequent upon rearing on an abnormal host, resulting in a decrease of the 
vigour with which the host is sought. That this is not the true explanation 
is shown when we come to compare the results of tests in which the 
alternatives were Ephestia-Meliphora and blank”. In the 

case of the EphesHa-Meliphora alternative a comparison of the results of 
Table III with those of Table VI as above gives a of 25*3 which again 
greatly exceeds the critical value of 3*841 and corresponds to a P of much 
less than 1 in 100 , similarly a comparison of the results of Tables IV and 
VII gives = 15*3 which again implies a P of less than 0 * 01 . From these 
results we are accordingly justified in concluding that rearing upon Meli¬ 
phora results not merely in a slight decrease in the intensity of the response 
of the adult parasites to Ephestia, but that it also endows them with a 
marked tendency to respond to the smell of Meliphora, whether they 
encounter it alone or in competition with that of Ephestia, 

c —^Nemeritis reared on Ephestia hut ''conditioned'’' to Meliphora 

The effect of an abnormal host on the olfactory responses of the adult 
parasite having been thus established, the question at once arises whether 
the result is due to the influence of the environment of the larval stage 
lasting into the adult life or to a conditioning of the adult immediately 
upon its emergence from the pupa. The second alternative appeared Very 
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Table VII— ^Responses oe 112 iNDiviDxrALS of Nbmbsitis canesosns 
(beaked from Meupbora) to Larvae of Melipbora nr Olfactometer 


Exp. Meliphora 


1 

4 

2 

4 

3 

7 

4 

5 

5 

14 

6 

18 

7 

14 

8 

3 

9 

7 

10 

8 

11 

6 

12 

7 

13 

4 

14 

7 

15 

9 

16 

8 

17 

10 

18 

4 

19 

8 

20 

6 

21 

6 

22 

7 

23 

8 

24 

11 

25 

11 

Total 

196 


Blank Total 


4 

8^ 

4 

8 

3 

10 

5 

10 ^ 

5 

19 

3 

21 

7 

2lj 

7 

lO' 

3 

10 

2 

10 

4 

10 

3 

10 

6 

10 

3 

10 ^ 

1 

10 

2 

10 

0 

10 

6 

10 

2 

loj 

4 

. m 

4 

101 

3 

10 r 

2 

loj 

10 

21\ 

8 

19/ 

101 

297 


1st generation 


4th generation 


5th generation 


8th generation 


= Meliphora 66 %; = Blank 34 %; standard error ± 2-9 %. 


pq 


P = 0-10. 


plausible, because of the fact that the adult Nemeritis remains in i1® 
cocoon, which itself usually includes part of the skin of the hc^, for 1 or 2 
days after emergence from the pupa. 

In order to test the possibility of conditioning after emergence from the 
cocoon the following experiment was performed. Two sets of parasites were 
isolated immediately on emergence from their normal host and were then 
conj&ned for a period of 7-10 days in a jar containing crumbled honeycomb 
densely infested with larvae and pnpae of MelipTiora, They were then put 
through the olfactometer with the result shown in Tables VIII and IX. 
Since the results of the individual experiments were obviously reasonably 
consistent the applied. 

Comparing the figures given in Table VIII with those obtained for 
unconditioned” parasites from Ephestia given the same alternatives 
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(Table IV), it will be seen that whereas the normal Ephestia-xoBxeA insects 
show no significant tendency to choose the arm containing Mdiphora in 
preference to the empty arm, 61'6 % of the “ conditioned ” insects chose the 
Meliphora side. The application of the formula 

, {fld-bcfN 

^ (a + 6)(c+d)(a + c) ({>+d) 

to this pair of results gives the figure 7*33 which again corresponds to 
P<0-0l5 which, as pointed out above, is entirely satisfactory. When, 
however, we come to contrast the results of Tables III and IX we see that 
there is not this clear-cut difference, and as might be anticipated works 
out at a figure, 0-24 corresponding to a P of 0-6, which shows that the 
difference between the two is not significant. 

Table VIII— ^Responses op poety-pive Individtjals op Nembritis 

GANBSOENS (BEARED PEOM EpHESTIA BTTT “ CONDITIONED ” TO MeLIPHORA 
LaEVAE POE 7 DAYS IMMBDIATELY UPON EMERGENCE) TO LaEVAE OP 



Meliphora in Olpactombtee 


Exp. 

Mdiphora 

Blank 

Total 

1 

9 

7 

16 

2 

9 

2 

11 

3 

4 

3 

7 

4 

7 

6 

12 

5 

8 

6 

14 

6 

4 

2 

6 

7 

6 

2 

8 

8 

5 

7 

12 

9 

5 

5 

10 

10 

8 

6 

14 

11 

6 

4 

10 

12 

5 

6 

11 

13 

5 

8 

13 

14 

10 

1 

11 

15 

4 

5 • 

9 

16 

4 

5 

9 

17 

9 

6 

15 

18 

11 

0 

11 

19 

6 

4 

10 

20 

6 

5 

11 

21 

9 

3 

12 

22 

9 

1 

10 

23 

8 

4 

12 

24 

7 

5 

12 

Total 

164 

102 

266 


= Mdiphora 61-6 %; = Blank 38-4%; standard error ± 3-06 %. 
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We can conclude therefore that caging the insects with the false host 
Meliphora in this way does result in a tendency to seek out that particular 
host, but that this tendency is only manifest when the normal host is 
absent; when the smeU of Ephestia is also present its attraction proves 
overwhelming. But it will be seen by comparing Table VIII with Table VII 
and Table IX with Table VI that there is a difference in behaviour between 

Table IX— ^Responses oe eiety Iis-mvidtjals oe Nemeritjs canescens 
(beaked ebom Ephestia btjt “Coot>itioned’’ to Meliphora Labvae 
FOB 7 DAYS IMMEDIATELY UPON EmEBGENCE) TO LaBVAE OE EpHESTIA 
AND Meliphora in Oleactometeb 


Exp. 

Ephestia 

Meliphora 

Total 

1 

16 

0 

16 

2 

16 

0 

16 

3 

10 

9 

19 

4 

14 

0 

14 

5 

10 

0 

10 

6 

13 

3 

16 

7 

11 

1 

12 

8 

12 

2 

14 

9 

8 

2 

10 

10 

9 

1 

10 

11 

6 

1 

7 

12 

7 

3 

10 

13 

10 

0 

10 

14 

8 

2 

40 

15 

16 

4 

20 

16 

9 

3 

12 

17 

8 

4 

12 

18 

9 

1 

10 

19 

8 

2 

10 

20 

10 

2 

12 

21 

10 

4 

14 

Total 

220 

44 

264 


= Ephestia 83*4 %; = Meliphora 16-6 %; standard error ± 3-08 ^o- 


Nemeritis which have been reared on Meliphora and those which have been 
merely conditioned to it after emergence from the cocoon. Here again, as 
we might expect, when Meliphora only is offered, the conditioned Nemeritis 
are almost as efficient in their response to it as are those which have been 
actually reared on that host; indeed sis between series VII and VIII is 
only 1-15, which mdicates that the differences are not actually significant. 
On the other hand, when both hosts are offered (series VI and IX) there is 
a big difference in the results, showing that in this case rearing on the 
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Meliphora is much more efficient in producing a tendency to respond to it 
than is adult conditioning alone. 

These experiments show, therefore, that while some conditioning is 
possible during the adult stage there is also an additional effect which may 
be either -due to the influence of the environment on the adult during the 
quiescent period in the cocoon immediately upon emergence, or else to 
environmental influence exerted through the larva. 

Nemeritis rmred on Meliphora but subsequently de-conditioned'^ 
by contact with Ephestia 

To test which of these two alternatives is the true one is not so easy as 
might at first be supposed. It can be attempted in two ways. First, the 
insects might be dissected from their cocoons while in the early pupal stage 
and reared in gelatine capsules away from any host influence. Secondly, 
the parasitized Meliphora larvae can be transferred, as soon as they have 
finished feeding, to meal thoroughly contaminated with the cocoons and 
faeces of Ephestia so that the parasite larvae emerging from their hosts 
will be surrounded by the influence of Ephestia^ and will thus become as it 
were ^‘de-conditioned”. This method is open to the obvious objection that 
since the cocoon of the parasite often includes silk spun by the host larva as 
well as remnants of the host skin the parasite during the period of its 
pupal and earliest adult life is not subjected to the smell of Ephestia only but 
in all probability to a mixture of .the two with that of Ephestia greatly 
preponderating. Since, however, Ephestia is the normal host, for which the 
parasite initially has a very strong preference, and since, as experiments 
described above have shown that unconditioned Nenteritis make no 
distinction between Meliphora and its absence, it does not appear that the 
objection is a very serious one. 

The first of these methods, although obviously the most satisfactory in 
many ways, has unfortunately not proved feasible. Many ichneumonid 
parasites can be removed from their cocoons in the pupal stage without 
injury and can subsequently be reared without any great mortality. But 
the pupa of Nenteritis is soft and very susceptible to injury, and attempts to 
carry out the experiment have so far come to nought owing to the high 
mortahty. Consequently the alternative method has been adopted with 
the results shown in Tables X and XI. It is convenient to term this process 
de-conditioning on the assumption that rearing on Meliphora will tend 
to condition the parasite to that host and that exposure on emergence to 
the normal host will counteract the effect and so produce ^‘de-conditioning 
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Table X— ^Responses to Labvae op Melipbora aud Epeestia op 102 
Indivxdtjals op Nemeritis eeabbd on Melipsora but subsequently 
“De-oonditioned” by Contact with Epbestja 


Exp. 

Ephestia 

Melipkora 

Total 

1 

18 

2 

20 

2 

19 

1 

20 

3 

9 

1 

10 

4 

15 

4 

19 

5 

17 

2 

19 

6 

16 

3 

19 

7 

16 

3 

19 

8 

17 

1 

18 

9 

14 

6 

20 

10 

18 

2 

20 

11 

18 

1 

19 

12 

11 

9 

20 

13 

16 

4 

20 

14 

18 , 

1 

19 

15 

16 

0 

16 

16 

12 

9 

21 

17 

14 

10 

24 

18 

13 

11 

24 

19 

8 

9 

17 

20 

18 

4 

22 

21 

15 

8 

23 

22 

16 

7 

23 

23 

15 

7 

22 

24 

16 

8 

24 

26 

12 

9 

21 

26 

13 

9 

22 

27 

14 

7 

21 

28 

12 

8 

20 

29 

26 

9 

35 

30 

21 

4 

25 

31 

18 

4 

22 

Total 

481 

163 

644 


= Ephestia 74*8 %; = Melipkora 25*2 %; standard error ± 1*97 %, 


Comparing the results obtained with these ‘‘de-conditioned’’ insects 
with those from other sets of experiments, we notice that whereas insects 
from Ephestia (Table III), given Ephestia and Melipkora as alternatives, 
chose the former host in 85 % of oases, those listed in Table X went to the 
Ephestia arm in 74*8 % only, for this pair of results works out at 8-61 so 
we can regard the difference as significant and conclude that while ^^de- 
conditioning” reduces the effect of the rearing on Meliphyra it does not 
wipe it out entirely, there being a kind of residual effect due apparently to 
influences acting during the period of larval fife. Similarly comparing 
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series VI with series X we obtain = 11-66, showing that there is a signi¬ 
ficant difference between the two sets and that “de-conditioning” does not 
entirely remove the effect of the larval environment. 

Table XI —^Responses to Larvae of Meliprora of fifty Individuals 
OF Nemeritis reared on Meliprora but subsequently “De-con- 

DITIONED ” BY CONTACT WITH EpRESTIA 


Exp. 

Meliphora 

Blank 

Total 

1 

16 

4 

20 

2 

15 

5 

20 

3 

17 

3 

20 

4 

14 

6 

20 

5 

12 

5 

17 

6 

13 

6 

19 

7 

15 

6 

20 

8 

13 

7 

20 

9 

17 

3 

20 

10 

16 

6 

22 

11 

22 

3 

25 

12 

8 

1 

9 

13 

23 

8 

31 

14 

18 

7 

25 

16 

21 

9 

30 

16 

18 

9 

27 

17 

17 

13 

30 

Total 

275 

100 

375 


= Meliphora 73*4 %; = Blank 26-6 %; standard error ± 2*58 %. 


It will be seen that just as when dealing with simple conditioning, so with 
“de-conditioned” insects, there is a difference in the results depending on 
whether both hosts are offered in the olfactometer or only one. A compari¬ 
son of series VII and XI shows that “de-conditioning” in the case of the 
alternatives blank” has no effect at all in reducing the in¬ 

fluence of the larval environment. In fact it so happens that the ,“de- 
conditioned” insects have given a slightly higher percentage of response to 
Meliphora than have the controls, suggesting that in aU probability the 
figures for Meliphora in Table VII err on the low side. As was pointed out 
earlier, the homogeneity of the series is not so satisfactory as the rest, and 
the error is probably associated with the high value of as given at the 
foot of the table. But this slight discrepancy does not affect the final 
conclusion to be drawn from the class of observations, which is that “de¬ 
conditioning” does not entirely remove the effects of rearing on an ab¬ 
normal host and that therefore a stimulus applied in the larval stage has its 
effect on the adult. 
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As is clearly shown by Tables V and VI, the experiments give no reason 
for supposing that the normal response to Ephestia is a conditioning effect. 
There seems no reason to doubt that it is germinaUy fixed. This view is 
confirmed by the experiments summarized in Table XII. In this case 

Table XII— ^Responses to Larvae oe Ephestia aed Melxpbora of 

ELEVEN iNDrVLDTTALS OE NeMEBITIS (BEARED FROM EpBESTIa) ; CoCOONS 
HAVING BEEN ISOLATED IN GeLATINB CaPSTJLES 


Exp. 

Ephestia 

Meliphora 

Total 

1 

9 

2 

11 

2 

9 

1 

10 

3 

9 

1 

10 

4 

10 

0 

10 

5 

9 

1 

10 

6 

8 

2 


7 

8 

2 

10 

8 

10 

0 

10 

Total 

72 

9 

81 


= Ephestia 89 %; = Meliphora 11%; standard error± 5*5%. 


cocoons of Nemeritis reared on Ephestia were removed from their sxirround- 
ings, cleaned as far as possible, and placed in gelatine capsules. It will be 
seen by comparing the results with Table III that there is no significant 
difference. Even though this process of isolating the cocoons is a very 
different matter to extracting the pupae themselves, yet it must undoubt¬ 
edly reduce the intensity of odour to which the parasite is subjected and, 
were the response impressed anew on each generation and not germinaUy 
fixed, it would certainly produce some effect in behaviour. 


Table XIII— Coimoparisok between Responses to Ephestia oe 
Nemeritis beared from Ephestia and from Meliphora 



Ephestia 

Blank 

Total 

Nemeritis ex Ephestia 

a 

186 = 87*3 % 

h 

27 = 12*7 % 

213 

Nemeritis ex Meliphora 

c 

298 = 84*5% 

d 

55 = 15*5% 

353 

Total 

484 

82 * 

N 

566 


{od-hcfN _(1 0230-- 8040)^2^7 _ 2190^x566 

^ ” {a+h)(c+d){a+c){h+d) 213 x 353 x 484 x 82 75200x 3962 

4790000X 566 _ 272000000 _ ^ 

" 29810000 “ 29810000 "" *** r'<0*01. 
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Finally the question arises whether there is any evidence for the in¬ 
heritance of acquired characters revealed by this work. An exammation of 
Table VI shows that the 8 th generation shows a greater proportion, 39 %, 
in favour of Meliphora than does the first generation with 31-6 %. But an 
evaluation of gives a result of only 1-78, therefore P = 0*20 which im¬ 
plies that there is 1 chance in 5 that the result is an accidental one. Further, 
in studying Table YII it is seen that the 6 th and 8 th generations together 
show an actual decrease (not significant) in their preference for Meliphora 
as compared with the 1 st generation; the figures being 61 % as against 68 % 
for the 1 st generation. It is quite clear, therefore, that the work so far gives 
no indication of any inheritance of acquired characters. 


Discussion 

It is hardly possible to be too careful when using the results of such 
experiments as evidence bearing on problems of behaviour under the 
immensely complex conditions of the natural environment. It would be 
rash to suppose the behaviour of an insect in an air-conditioned olfacto¬ 
meter and the open air to be identical. But the demonstration of the 
possibility of ‘‘pre-imaginal olfactory conditioning’’ is certainly of peculiar 
interest in view of its possible importance in the early stages of evolution¬ 
ary divergence. 

As the senior author has previously pointed out (Thorpe 19306 ) to 
postulate such evolutionary significance one does not need to invoke any 
Lamarckian theory. Any factor which wiU tend to split a population into 
groups will tend to aid the establishment of new variants in exactly the 
same way as do geographical barriers at a later stage in evolutionary 
divergence. It is true that, in the instance here described, rearing on the 
abnormal host does not, under olfactometer conditions with both hosts 
equally available, result in an actual preference for the new host over the 
old. But it does result in a marked decrease in the percentage of responses 
to the normal host, when both are offered. Now it must be realized that 
under natural conditions two hosts of a phytophagous or parasitic insect 
would hardly ever be equally available and were the conditions such that 
the alternative host became more readily available, then even a change of 
smaller magnitude than that described in the present work might well be 
suficient to isolate a population effectively over a long period. During this 
period physiological or other modifications of genetical origin might arise 
and be conserved by the ecological barrier provided by the conditioned 
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food preference, and so the establishment of a new race genetically distinct 
from the parent form could be produced. 

Such in brief seems to be the main theoretical significance of olfactory 
conditioning. A further discussion of the subject will be found in the senior 
author’s paper referred to above. 

Finally it may be mentioned that rearing on Mdi^hora does not appear 
to produce any change in colour, size or structure of the adult parasite. 


Table XIV— ^Valxje of and P fob Diffebent Paibs of Results 


Pairs of results 
Series 


2 ^ {ad-’bc)^N 

^ (c-f-cZ) (jXf'jrC) (6 + d) 


Hand V 

9-13 

<0-01 

m „ VI 

25*30 

<0*01 

IV „ vn 

15*30 

<0*01 

IV „ vin 

7*33 

<0-01 

m „ IX 

0*24 

0-6 approx. 

m „ X 

8*61 

<0*01 

IV „ XI 

39*60 

<0*01 

vn „ VIII 

1*151 

0*28 approx. 

VI „ X 

11*66. 

<0*01 

1st and Sth generation ex Mdiphora, 

1*78 

0*20 


choice Ephestia^ Meliphora 


The authors gratefully acknowledge their indebtedness to Dr. J. Wishart 
for his advice on the choice of statistical methods best suited to the type of 
data available. 


Stjmmaby 

1. This paper describes experiments with the endoparasitic insect 
Nemeritis canescens (Grav.) (Hymenoptera, Ichneumonidae, Ophioninae), 
the normal host of which is the larva of the meal moth Epkestia Tmhniella 
(Zell.). Since Nemeritis is a parasite which finds its host almost entirely by 
the sense of smell which resides in the antennae, it was considered peculiarly 
suited to an investigation of the effect of the larval environment on the 
oviposition responses of the adult. The importance of the subject lies in its 
relation to the so-called ‘‘Hopkins Host-Selection Principle” and its 
bearing on the problem of the origin of biological races in insects and other 
animals. Although the genus Ephestia provides the only known hosts of 
this parasite in Europe, there exists in America a race which attacks the 
large wax moth, OaUeria mellonetta (Zell.). 
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2. It was found that although it is extremely difficult to rear the 
European race of Nemeritis on Galleria there is no great obstacle to securing 
oviposition on the larvae of the small wax moth Meliphora grisella (F.) 
provided that they were first placed in close contact with Ephestia larvae 
so as to be thoroughly contaminated with the smell of that host. Once the 
eggs are inserted in the body cavity of the Meliphora they develop normally 
and the larvae develop and adults are produced without any great mortality. 
No apparent changes in structure or colour result. The olfactory responses 
of Nemeritis reared in this way were compared with those of insects reared 
on the normal host by means of a Mclndoo olfactometer of an improved 
type. 

3. The experiments indicate that there is a strong germinaUy fixed 
tendency to follow up the odour of Ephestia. Insects which have been 
reared on Ephestia show no reaction whatever to the smell of Meliphora^ 
but those reared from Meliphora while stiU preferring Ephestia show a signi¬ 
ficant attraction to Meliphora such that when given the alternative of the 
two hosts in the olfactometer the proportion choosing Ephestia is reduced 
from 85 to 65*8 %. 

4. It is shown that some change in the olfactory responses may be 
brought about merely by exposing the Nemeritis to contact with the 
Meliphora larvae for a period immediately on emergence from the pupa. 
Further experiments indicate, however, that the whole of the effect of 
rearing on Meliphora is not due to this but that at least some conditioning 
effect results from the influence of the host acting during the pre-imaginal 
period. 

5. It is shown that the odour of oatmeal, one of the usual food substances 
of Ephestia also exerts a slight attraction upon Nemeritis. 

6. There is no evidence that continued rearing on the abnormal host 
over a number of generations increases the response to that host. 

7. It is concluded that Nemeritis has an inherited oviposition response 
to Ephestia larvae, but that an additional oviposition response to the odour 
of Meliphora, a response which is entirely lacking in the normal insect, 
can be induced by contact with the new host. While this does not produce 
any diminution in the ability of the insect to respond to Ephestia when no 
other attraction is present, it does result in a significant reduction of the 
proportion which go to Ephestia when the two alternatives are equally 
available. 

8. The application of these results to the problem of the origin of new 
races is discussed. 
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The Luminous Efficiency of Light entering the Eye 
Pupil at Different Points and its Relation to 
Brightness Threshold Measurements 

By B. H. Crawford 

{Communicated by Sir John Parsons, F,B.S,—Received 5 May 1987) 

1—^Introduction 

In previous papers (Crawford 1936) results have been given for the 
variation of pupil size and of brightness threshold (measured with small 
artificial pupil) with time after changing from a high to a low general light 
stimulus. These results cannot, however, be immediately combined to give 
the response of the eye as a whole (with natural pupil) until the possible 
effects of the efficiency of light entering the eye through different parts of 
the pupil have been investigated. It has been found (Stiles and Crawford 
1933) that light entering the eye near the periphery of the pupil is less 
efficient in producing the sensation of brightness than light entering near 
the centre. Probably the same thing occurs for the threshold of the 
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sensation of brightness, so that the threshold wonld be higher for light 
passing through the more peripheral parts of the pupil. The first part of 
this paper is concerned with the testing of this hypothesis. The results are 
expressed in the form of curves connecting brightness threshold with 
distance of the point of entry of the light from the centre of the pupil, 
these curves being called, for convenience, threshold ef&ciency curves. 

The measurements of this effect made hitherto have related to the foveal 
region of the retina and a fairly high field brightness. They are here 
extended, by the threshold brightness method, to regions of the retina 
more or less distant from the fovea and to field brightnesses extending 
down to zero. In order to complete the picture of the luminous efl&ciency 
effect, in so far as it relates to white light, it remains only to investigate 
the course of the variation in shape of the threshold efficiency curve with 
time after the field brightness is changed suddenly from one value to 
another. One case only has been dealt wdth, namely, the change from a 
high value of field brightness to zero. Binally, all these results may be 
combined with the corresponding measurements of pupil size and retinal 
sensitivity to give the response of the complete eye. 


2—^Apparatus and Methods of Measurement 

The apparatus is arranged to give in the field of view of the subject a 
uniformly illuminated area on which can be superposed a test spot and 
the necessary fixation points. The general plan is shown in fig. 1. All parts 
of the field are seen by Maxwellian view. The main beam providing a 
general illumination of the field is fixed, and a sealing-wax mouth grip 
locating the subject’s head and eye can be moved on slides until the beam 
enters through the centre of the eye pupil. The test-spot beam can be 
traversed horizontally across the pupil by a calibrated micrometer screw 
which rotates shghtly the mirror Q ; the cross-section of this beam where 
it passes the eye pupil is approximately 0-8 x 0-3 mm. The point of entry 
of the fixation-point beam is unimportant, and coarse adjustment only is 
provided for this. The intensities of the main and test-spot beams are 
controlled by neutral wedges of fairly shallow gradient, with neutral filters 
for large steps of intensity. The intensity of the fixation-point beam is 
regulated by varying the current through the lamp. Shutters are provided 
for exposing the main field and the test spot independently for any desired 
periods. The wedge in the test-spot beam is attached to a carriage provided 
with electrically operated pens by which the subject of experiment can 
record, for a given wedge setting, whether the test spot is visible or in- 
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visible. By this means readings can be taken by the multiple decision 
method (Crawford 1937 ), which has been found to give the most accurate 
and unbiased results in the shortest time. 

As in previous papers, the positions of the various components of the 
field of view are specified in degrees subtended at the eye, positions and 
directions in the external field being referred to in all cases, not retinal 



Fio. 1—^Plan of apparatus. A, lamp for general field illumination; By light-tight box; 
G, neutral filter; D, lens forming image of A at E, aperture and shutter; E, lens 
rendering beam of light parallel; G, lens converging beam to a focus in plane 
of pupil of Hy the subject’s eye; J, lamp for test field illumination; if, light¬ 
tight box; L, neutral filter; My lens forming image of J at N, aperture and shutter; 
Oy lens rendering beam of light parallel; P, mirror; Q, neutral wedge; B, aperture 
limiting test-field size; jS, peUicule mirror (thin film of celluloid); T, lamp for 
fixation point illumination; U, light-tight box; F, lens giving parallel beam of 
light; TF, aperture; X, mirror; F, plane glass mirror. 

positions. Brightness measurements were made by comparing a small part 
of the Maxwellian field with an illuminated white diffusing screen, with an 
artificial pupil at the eye. The diameter of the latter was 2*96 mm. The 
brightness of the diffusing screen was adjusted to appear equal to that of 
the Maxwellian field and was then measured with an illuminometer. In all 
the measurements described here the test field was round, of diameter 
0-46°, exposed for 0*05 sec. All fields were white, of colour temperature 
approximately equal to that of a vacuum electric lamp. The filters used 
were not all perfectly neutral, however, giving slight hregular variations 
in field colour, though none were large enough to be noticeable without a 
standard of comparison. 

The procedure adopted for the determination of threshold ejficiency 
curves has been designed to eliminate, so far as possible, any effects of 
fatigue of the retina. A number of suitably spaced points of entry through 
the pupil are chosen, one being at the centre, and the test-spot beam is 
adjusted to pass through each in turn, starting at the point nearest to the 
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nasal edge of the pupil and passing across to the other edge. A determina¬ 
tion of brightness threshold is made at each point and the points are then 
taken in reverse order. Any effects of fatigue are at once evident, since 
the first and last threshold readings are taken at the same point. In actual 
practice, fatigue, in the sense of rise in threshold brightness, is very rarely 
found, and it has been assumed that it is sufi&ciently eliminated by using 
the mean values of the threshold readings taken at each point of entry. 

3—CoMPABisoN OP Luminous Eppicibnoy Measurements made by 

THE PhOTOMBTEIO MATCHING AND THE THRESHOLD METHODS 

A threshold elBiciency curve determined for subject B. H. C. by the 
method outlined above is shown in fig. 2 (circles). The general field bright- 



Displacement from centre of eye pupE (mm.) 


!Pig. 2 —Comparison of efBciency measurements by photometric matching and 
brightness threshold methods, x, measurements by photometric method; 
®, measurements by brightness threshold method; curve, 57 = 

ness of 22 remained constant throughout the experiment, so that 
the change in threshold may be interpreted, as in the photometric matching 
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method, as a change in the efficiency of the eye in receiving light along 
various paths. On the same diagram are shown earlier results for the same 
subject by the photometric matching method (crosses) taken from the 
paper by Stiles and Crawford 1933 . The relative efficiencies are arbitrarily 
equated to unity at the centre of the pupil. The agreement between the 
results obtained by the two methods is almost perfect, and such small 
deviations as there are lie well within the limits of experimental error. The 
curve drawn through the points has the formula 

l-0256-0*105(r+0-47)2^ 

It is interesting to note that it fits the points well over a wide range and 
lends support to one of the suggestions put forward by Wright and Nelson 
( 1936 ) to explain the origin of this variation in luminous efficiency, namely, 
that light must pass down the axis of a cone in order to stimulate it, and 
that the orientation of the cone axes follows some law of random distri¬ 
bution about a mean value. On these suppositions, the luminous efficiency 
curve would represent the law of random distribution, and it is, perhaps, 
significant that the curve actually found is the commonly occurring 
Gaussian probability curve. 

Apart from possible theoretical consequences, however, the formula is 
convenient for purposes of calculation. A formula of the above type has 
been found to represent all the results so far obtained with good enough 
approximation for most practical purposes. 


4— ^Dependence op Eppiciency on Retinaii Test Area 
AND ON Field Brightness 

Threshold efficiency curves have been determined for parts of the retina 
other than the fovea and at various field brightnesses down to zero. In the 
latter condition no stimulus is applied to the eye except the test spot and 
a dim fixation spot, and the condition of the eye can therefore approach 
closely to that of complete dark adaptation. Figs. 3 and 4 show results 
obtained by two subjects for a number of retinal areas at field brightnesses 
of 22 c./ft.^ (broken line curves) and zero (continuous line curves). The 
logarithms of the threshold efficiencies have been plotted on these graphs 
so that the shapes of the different curves can be compared directly without 
any elaborate adjustments of scale. Each curve has been given the 
arbitrary value of logio^ = 0 at the pupil centre. For both subjects the 
foveal curves are practically the same at the two brightness levels. Such 
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difference as there is hardly exceeds the probable error of the measure¬ 
ments. At the parafoveal test areas matters are very different. Here, both 
subjects show a marked difference between curves at high and zero field 
brightnesses: those at the high brightness approximate in shape to the 
foveal curves; those at zero brightness have almost, though not quite, 
flattened out, so that the luminous efficiency of a light pencil becomes 
almost independent of its point of entry through the eye pupil. The results 
for subject H. R. S. include a number of retinal test areas located at 
comparatively short distances from the fixation point. These demonstrate 
clearly the existence of a rather sharply defined foveal area, outside which 
the efficiency curve assumes at once a t 3 q)ical parafoveal shape. 

These results are of considerable interest in relation to theories of the 
origm of the efficiency effect. Whatever mechanism is postulated as giving 
rise to the variation of efficiency with angle of incidence on the retina, 
must also allow for variation with field brightness. There are two main 
possibilities, a mechanical movement of some structure in the retina or a 
photochemical change. The latter alternative is not impossible; it would 
require a phototropic substance in the retina. The experimental facts are 
not, however, in very good accord with the phenomena exhibited by 
phototropic substances. These, in the dark state, can absorb light of a 
certain wave band and become thereby transformed so that they absorb 
light of some longer wave band. In the case of the postulated retinal 
pigment, on the other hand, white light is incident on it in its initial 
transparent state and must transform it so that it absorbs uniformly over 
the visible spectrum, which is not the sort of thing observed with photo¬ 
tropic substances. However, experiments with coloured fields would be 
necessary to decide definitely one way or the other. An additional objection 
to the phototropic substance hypothesis is that a non-phototropic pigment 
would be required at the fovea. The mechanical movement of some portion 
of the retinal structure is, perhaps, more promising. Assuming that the 
falling off in luminous efficiency with increasing angle of incidence on the 
retina is due to embedding of the recipient elements, rods or cones, in a 
more or less opaque pigment, the increase in efficiency in the dark might be 
due to migration of the pigment away from the recipient elements, or to 
pulling out of the recipient elements from the pigment layer. Both these 
mechanisms have been demoi^trated in various animals, mostly of a low 
order, but not with certainty in man. Either would lead qualitatively 
to the experimental results described above. 

The manner in which the shape of the parafoveal efficiency curve changes 
when the field brightness varies from a high value to zero is shown, for 
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two subjects, in figs. 6 and 6. Tbe parafoveal retinal area was taken at 5° 
from the fixation point (fovea centralis). For both subjects the curves 
show a progressive fiattening as the field brightness falls, without any 
definite indication of change in position of the maximum. If the curves 
are fitted with a formula of the type mentioned above, 

y^aer^ir+ey^, 



Fig . 5 —^Polar efficiency curves at various field brightnesses (B) for a retinal area 
5 ° from the fovea. Subject B. H. C. x, B = B = 0-000060 c./ft.*; a, 

B = 0-00107 c./ft.2; <$>, £ = 0-0102 c./fb.^; £ = 0-096 c./ft.®; £=22 c./ftA 

the change in shape is shown by a decrease in the value of b with decrease 
in field brightness. The value of b for any given set of experimental points 
is most accurately determined by finding the curve which best fits the 
points, but a good approximation may be made by taking the logarithm 
of the ratio of any two points; if the above formula actually fitted the 
experimental points this would be proportional to b, 

logio^=logic® -Hr+ c)2 logioe; 
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Fig. 6—^Polar efficiency curves at varions field brightnesses (B) for a retinal area 5° 
from the fovea. Subject H. R. S. = +, R = 0’000060 c./ft.^; x, 

5=0-00107c./ft.2; 5=0-0102c./ft.^; A, 5 = 0-096 c./ft.^; <3>, 5=1-29 c./ft.^; 

□, 5=8-9 c./ft.2;.0, 5 = 22 c./ftA 

SO that, 

logio’?i-logio%=logio J = -b{{r^+cf-{r^+cf}log^e 

72 

=6 X constant. 

This gives a convenient method for following the course of the change in 
shape of the efficiency curve, namely, plotting b values deduced from the 
ratio of efficiencies at two points on the curve against the variable, such 
as field brightness, concerned. For the sake of accuracy, one point should 
be near the peak of the efficiency curve, the other some distance from it. 
Such curves are shown in fig. 7, curves 1 and 2, for the two subjects. For 
H.R.S. the points are deduced fix>m the data of fig. 6. For B. H. C, there 
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are, m addition to points taken from fig. 6, points which were determined 
by a direct measurement of the ratio of efficiencies at two entry points 
usmg a series of field brightnesses. Fig. 7 shows clearly that there is a 



field brightness (c./ft.®) 

Fio. 7-Oarve 1. variation with field brightness of constant 6 in formula 




large range of low Seld brightnesses over which the shape of the effieienov 
onrve re™ approximately constant and of the flafcn^ cS^ 
^c of deid brightness. lire 6 vaine then starte te ri ZetZ’ 

brightness at which the shape of the effieienc^cu^ve c^a^ 

also that at which the parafoveal brightness threshold^es abov^the 
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foveal value and there is a kink or inflexion in the parafoveal threshold 
curve (see curves 3 and 4, fig. 7). This more or less sudden change in shape 
of the parafoveal threshold curve has been interpreted as due to a change¬ 
over from one mechanism of vision to another, from twilight to daylight 
vision, and it is of great interest that the change-over is apparently closely 
associated with the commencement of pigment migration or whatever else 
it may be that gives rise to this change in luminous efficiency. It would 
seem that the pigment migration is called into play by stimulation of the 
daylight mechanism of vision, but is unconnected with the twilight 
mechanism; as the daylight mechanism is increasingly stimulated the 
pigment migrates to a greater extent between the recipient elements until 
it reaches the limit of its motion. 


5—^Time Variation nsr Shape of Efficiency Curve after sudden 
Change in General Field Brightness 

It has been established that the parafoveal efficiency curve is much 
flatter at zero brightness than at a high brightness. It remains, therefore, 
to investigate the time course of the change in shape of the efficiency curve 
when a high brightness is suddenly cut off. The case of a change from low 
to high brightness has not yet been considered, while cases of change from 
a high to a lower brightness can be deduced from the high to zero brightness 
ease. The measurement of variation in shape of the efficiency curve cannot 
be done by any very direct method; the only way is to choose a number 
of entry points through the pupil and determine at each the curve con¬ 
necting brightness threshold with time after cutting off the initial field 
brightness. These measurements are made as described by Cra^wford ( 1936 ). 
The shape of the efficiency curve at any required time can then be deduced 
from the threshold readings at that time. The complete procedure carried 
out in this way would be extremely tedious and the method has been used 
in an abbreviated form. It has been a^umed that the efficiency curve 
remains throughout of the same exponential type, altering only in the 
value of b. It is then sufficient, in order to determine the course of the 
change in shape of the efficiency curve, to take two pupil entry points, 
one near the peak of the curve, the other some way from it, and determine 
at each a curve of brightness thr^hold against time. The value of b may 
then be deduced for any time after the start. 

Fig. 8 shows the results obtained for two subjects. In both cases the 
initial field brightness was 22 c./fb.^ and the retinal area tested was 0-46^ 
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in diameter at 5 ° from the fixation point. The individual cmrves of bright¬ 
ness threshold against time are shown in curves 1 and 2 for subject B.H.C., 
in curves 4 and 6 for subject curves 1 and 4 being for an entry 



Fig. 8—Curve 1, variation of brightness threshold with time after cutting of£ initial 
field brightness of 22 c./ft.® for test beam entering eye pupil 0*85 mm. to nasal 
side of centre; curve 2, same for test beam entering eye pupil 2*56 mm. to 
temporal side of centre; curve 3, b value deduced from difference between 
curves 1 and 2: subject B. H. C., test area 5° from fovea. Curves 4, 5, 6 same as 
above for subject H. R. S. 


point near the maximum of the efficiency curve, 2 and 5 as far away from 
the ma xi mum as the pupil size would allow. From the vertical separation 
of these curves has been calculated a series of values of b for the two 
subjects, assuming that for subject B. H. C. the maximum of the eflS.eienoy 
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curve is 1-0 mm. to the nasal side of the pupil centre, for subject H.R.S. 
1-6 mm. to the nasal side of the pupil centre. These assumptions are derived 
jfrom the results already described for the efficiency curve under static 
conditions. The results are very similar in the two cases, though no definite 
significance can be attached to the negative values of 6, even though shown 
by both subjects, owing to the relatively low accuracy of the threshold 
measurements. Apart from this, however, it would seem that the mechanism 
of the efficiency change is the same for the two subjects tested. Most of 
the change in b takes place between 1 and 5 min. from the start, that is, 
in about 240 sec. On the pigment migration hypothesis, the distance 
through which the pigment must move in this time is the length of a rod 
or cone, which leads to an approximate average speed of migration of 
.0-0002 mm./sec. Such a speed does not appear to be inconsistent with a 
mechanism of the pigment migration or rod retraction type. If both 
occurred together the speed of each would be halved. The rate appears 
to be more rapid, however, than for pigment migration in the frog’s eye, 
where the complete process is said to take 1-2 hr. after cuttmg off a high 
illumination (Arey 1916). This may possibly explain why the phenomenon 
has not been definitely demonstrated in man: by the time the eye has been 
excised and fixed for examination the pigment may well have migrated 
back to its dark location. It is possible that this difference in rate of 
pigment migration in frog and man may be due largely to difference in 
body temperature, since Bennitt (1924) found the migration effect in the 
eyes of various crustaceans to have a definite and fairly large temperature 
coefficient. 

6—^Application op Results to Time Course op Adaptation 
WITH Natural Pupil 

The results given in previous papers (Crawford 1936, 1937) for the time 
change of brightness threshold after cutting off an initial conditioning stim¬ 
ulus and for the time change of pupil diameter under similar circumstances 
can now be compounded with the data of the previous section to give the time 
change of brightness threshold including the effect of the natural pupil of 
the eye; the results mentioned above relate to brightness threshold 
measured with a small, fixed, artificial pupil. The computation is as follows. 
At any given time after the cut-off of the initial conditioning stimulus the 
pupil size is known, also the shape of the threshold efficiency curve as 
defined by its h value. The effective pupil area can be calculated from these 
data; if the efficiency curve and pupil opening are not concentric, as is 
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^Tially the case, the necessary integration has to be done graphicaUy. 
The brightness threshold measured with the artificial pupil is then multiplied 
by the ratio of the effective areas of the natural and artificial pupils: the 
effective area of the artificial pupil may be taken as the actual area if it 
IS smaU. The result should tally with that obtained by direct measurement 
mth the natural pupil. In order to test this, curves showing variation of 
brightness threshold with time were determined for the two subjects of the 
previous experiments, using both artificial and natural pupils. The various 
runs were intermingled with each other and taken within as short a space 
of time as possible so as to minimize any effects due to sporadic changes 

the two subjects are shown in fig. 9 . In each 
set, the contmuous curves are determmed by direct measurement, the 
upper one relatmg to the artificial pupil, the lower to the natural pupil, 
while the dotted curve is obtained by calculation from the artificial pupil 
cmve and the data of the present paper. The dotted curve should agree with 

noLtr^®’ , ’ <^°"epuncies are not greater than the 

possible e^ors of measurement, especiafiy when it is considered that the 

calculated curves were obtained at periods 

3o:^.+ ^ “ P^<^bably the most 

mport^t as a source of error. The small consistent error shLn at the 

ends of the c^es might possibly be due to erroneous assumptions 

detemmafaon of the latter cannot extend to the extreme edges of the 
whif. ^ possible that a rapid drop in efficiency fxists here 

effectively narrow the pupil opening sufficiently to explain 

that the discrepancy is not due to the ordinary chance errors of these 
m.«ente. even though it to shown by bott .nbioct, 

Mdts tWoK support ths method of combining a number 
factors which have been determined separately. 

worr^. a "‘Ifr Tb“ Si™" “ « 
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threshold brightness corresponding to the various light paths, and com¬ 
pared with previous results (Stiles and Crawford 1933) obtained by a 
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Fig. 9 —^Variation of brightness threshold with time after cutting off initial jSeld 
brightness of 69 c./ft.^ with natural and artificial pupils. artificial pupil; 
<$), natural pupil; dotted curve, natural pupil calculated from artificial pupil 
and data for variation of pupil size and efficiency. Set I, subject H. R. S., retinal 
area 5° from fovea; set II, subject B. H. C., retinal area 14® from fovea. 

method involving photometric matching of brightness. The results by the 
two methods are in close agreement, pointing to the probability that the 
same visual mechanism is employed in both types of measurement. 




B, H. Crawford 

The threshold method has been applied to the investigation of luminous 
efficiency for various regions of the retina at a series of levels of brightness 
of the field of view from zero up to 22 c./St.K For parafoveal retinal areas 
the efficiency vanes with brightness, exhibiting a weU-defined maximum 
near the centre of the pupil at high brightnesses, but becoming almost 
constant over the area of the pupil at low and zero brightnesses. This is 
m contrast to the foveal area, for which the efficiency distribution over the 
pupillary opening is practicaUy unaffected by the field brightness, having 
always a maximum near the centre of the pupil. 

The threshold method has been further applied to the determination 
for parafoveal retinal areas, of the rate of change of efficiency distribution 
after a high brightness has been changed suddenly to zero. The rate does 
not appear to. be inconsistent with the hypothesis of pigment migration 
or other mechanical movement of the retinal elements put forward to 
explain the phenomena observed. 

These results have been combined with other measurements (of pupil 
sme and of variation of threshold brightness using an artificial pupil) to 
give the response of the eye with its natural pupil, and compared with 
measurements made directly with the natural pupil. Agreement is fair 
and supports the method of combining a number of visual factors which 
have been determined separately. 
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The Experimental Determination of the Time of 
Chromosome Doubling 

By K, Mather 

Galton Laboratoryy University College, London 
{Communicated by B. A. Fisher, F.B,S.—Beceived 8 February 1937 ) 

The problem of the stage of the mitotic cycle at which the chromosomes 
split, "‘divide ”, or become double, is one that has inevitably received much 
attention of recent time, bearing, as it does, on the general theory of 
chromosome behaviour. There has developed a greater diversity of opinion 
on this subject than on any question of the external relationships of the 
chromosomes. 

It is generally considered that there are two schools of thought on this 
question: (a) those who consider that the chromosomes split during the 
resting stage immediately prior to the mitosis at which their halves 
separate, and {b) those who consider that the chromosomes split at the 
previous mitotic metaphase, or even earlier. The ostensible uniformity of 
the latter opinion is fictitious, since this group includes those maintaining 
that the split occurs at almost aU the different stages of the mitotic cycle 
previous to that at which separation occurs, or, in some cases, even at 
stages of various previous cycles. It is superfluous to give detailed lists 
of the various hypotheses advanced, as Darlington (1935,1936), Gustafeson 
(1936) and Lorbeer (1934) have dealt with the various shades of opinion 
in a sufficiently thorough manner. 

The evidence on which the great majority of the contending views are 
based is mainly observational, i.e. visual observation of the chromosomes 
using light of the visible spectrum, and photographic observation using 
various types of radiation just outside the visible range. The structures 
described are usually of a magnitude similar to the wave-length of the radia¬ 
tion used and situated at distances from each other below the definition of 
the microscope. These observations could not be considered as critical or final, 
even if they were concerned with uncoagulated systems and gave consistent 
results. K further evidence of this were needed it is provided by the very 
contradictions which the observations of various authors show. Some 
approach giving more conristent r^ults is necessary. 
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Ma f.lipi r and Stone (1933) pointed out that the effect of X-radiation in 
breaking the chromosomes could be used for this purpose. This possibility 
appears to have been generally agreed upon. The assumption essential to 
analysis by this means is that if the chromosome is double at the time of 
breakage only one of its two chromatids will be affected. Chromosomes 
which divide after breakage wiU, on the other hand, show ruptures of both 
chromatids at the same level. Then by timing the Nations to come at 
certain intervals after treatment, mitotic metaphases showing the effect of 
irradiation at various stages of the cycle wiU be obtained. Thus an easily 
detectable difference, the symmetry or otherwise of the metaphase 
chromatids, which are large structures, is used to detect a difference that 
is not itself capable of exact observation by direct methods. An attempt 
to apply this method to irradiated root tips of Crocus sp. gave results 
strongly indicatmg a split during the late resting stage immediately prior 
to the mitosis concerned. These observations have been criticized on the 
ground that it was not certain that the mitoses observed were those 
immediately following the irradiated resting stage. 

An essential refinement introduced by Huskins and Hunter (1935) 
removes the basis of this criticism. They used the first mitotic divisions 
of poUen grains for their observations. The interval between meiosis and 
pollen-gram mitosis is sufficiently great to allow of certainty of irradiation 
during the intervening resting stage. These authors obtained results with 
TriUium which, they claim, contradict those of Mather and Stone, in that 
chromatid breaks, i.e. breaks affecting but one of the two chromatids at 
a eertam level, were obtained. They omitted, however, one of the essential 
features of the technique as devised by Mather and Stone, viz. the use of 
a number of fixations at different times after irradiation. As wiU be seen 
below, this omission vastly increased the difficulty of interpretation of 
their results. 

White (1935) irradiated spermatogonial tissues of the locust and obtained 
chromosome breaks ia fixations made both before and after others in 
which chromatid breaks were found. These results he considered to show 
the problem to be of great complexity and probably incapable of solution by 
these means. A possible explanation of his results is given by Darlington 
(1936), and no one else has reported similar findings. The possible objections 
to spermatogonial observations do not apply to poUen grains, where 
successive divisions can be distinguished. 

A superficiaUy similar experiment has been performed and reported by 
Nebel (1936). He irradiated meiosis in Tradescantia and obtained a amall 
number of what he considers to be chromatids broken across half their 
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width at second anaphase. This attempt to observe half-chromatid breakage 
entirely defeats the object of the X-ray method as generally applied. It is 
simply replacing difificult observation on untreated material by similar 
observation of the same structure after a form of treatment. The crucial 
test of NebeTs case would be given by observations on the pollen-grain 
divisions. If his half-chromatid breaks were real they should show as 
chromatid breaks at poUen-grain division. The frequent occurrence of such 
configurations would leave no doubt about the matter. Realizing this, 
Nebel cites Mather (1934) as having illustrated such breaks. The figures of 
this latter paper seem to show nothing which could legitimately be 
interpreted as chromatid breaks at pollen-grain division. There are very 
small pieces of chromosome which, as we should expect, fail to attain the 
normal width of the chromosomes before becoming spherical, but all the 
chromosomes of sufficient size to reach an elongated shape are shown as 
double and symmetrical. The half-chromatid breaks caimot therefore be 
considered as demonstrated. 

In view of the equivocal nature of evidence outlined above, it was 
decided to perform experiments using Mather and Stone’s technique 
incorporating Huskins and Hunter’s improvement. Similar experiments 
have been performed and reported independently by Riley (1936). His 
results will be considered in conjunction with the present ones. 

I am indebted to Dr. A. C. Faberge for invaluable assistance during the 
experiments. 


Mateeial and Methods 

Three diploid species of monocotyledonous plants were chosen as 
experimental material, viz. Tradescantia broMeata, Eremurus Tubergeni 
and AlUvm Moly, This choice was made to ensure that, in each case, 
material was from the same plant or clone (in AUium this was not known 
with complete certainty), that the chromosome number was reasoimbly 
low, and that a suJB&ciency of pollen-grain mitoses was obtainable. 

The material was irradiated by a CooMge water-cooled tube with a 
tungsten anticathode using no filter. The dosage was administered as 
follows: 

TradescanMa 70 V, 6 mA, 30 cm. distance for 15 min. (about 660 r. units). 

Er^murus and AUium as for Tradesca/nMa but for min. 

Fixations were made at intervals after treatment as shown in Table I. 
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The smear technique was employed and the fixative was 2 BE. Staining 
was done by the gentian violet-iodine method. 


Tradescantia 


Bremums 


Allium 


Table I 


Time of fixation 


after treatment 


hr. 

Type of breaks 

24 

Chromatid 

36 

Mainly chromatid 

48 

Mixed 

60 

Mainly chromosome 

72 

Chromosome 

32 

Chromatid 

56 

Chromatid 

78 

Chromosome 

103 

Chromosome 

48 

Chromatid 

60 

Chromatid 

72 

Chromatid 

160 

Chromatid 

102 

Very few divisions observed 

214 

Chromosome 


Results 


The jSrst experiment, that using Tradescantia, gave the clearest results 
of which a summary will be found in Table I, The very first fixation, made 
at 12 hr. after treatment, gave no analysable divisions and is qmitted from 
the table. The 24 hr. material showed nothing but chromatid breaks, such 
as chromatid fragments and chromatid interchanges (White 1935; Huskins 
and Hunter 1935). These were found in great profusion. At 36 hr. after 
treatment chromosome breaks were found in a few nuclei, but the vast 
majority were showing chromatid alterations. Fixations made 48 hr. after 
treatment still showed some chromatid breaks, but rather more nuclei 
showed chromosome rearrangements. In the later fixations practically no 
chromatid breaks were observed but chromosome changes were common. 
These were of the types described by Mather and Stone {1933). Chromatid 
breaks were an extreme rarity in the 72 hr. material. This was confirmed 
from other material fixed for a different purpose at 72 hr. after irradiation. 
These chromatid breaks were always found one in a nucleus, side by side 
with chromosome breaks. This is in definite contrast to the material 
observed 36 hr. after irradiation where both types of break were found 
but rarely, if ever, in the same nucleus. This contrast of behaviour would 
appear to imply contrasting causes of the chromatid breaks in the two 
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fixations. The. chromatid breaks in late fixations could be due either to 
delayed fusion or damage preventing perfect chromosome reproduction. 
Where chromatid breaks were common no case was observed of both 
chromatids being broken at the same level or even at approximately the 
same level. 

These results and those of Riley (1936), who used similar material, are 
in complete agreement. 



Fig. 1 Fig. 2 


Fig. 1—^Pollen-grain mitosis in TradescarUia, 24 hr. after treatment, to show typical 
chromatid breaks and rejoins. The chromosomes are somewhat spaced out for 
clarity, x 3000. 

Fig. 2—^Pollen-grain mitosis in Tradescantiay 72 hr. after treatment, to show typical 
chromosome breaks and rejoins. The chromosome are somewhat spaced out for 
clarity. Compare with fig. 1. x 3000. 

The observations on Eremurus and Allium are not so extensive owing 
to technical difficulties, but it is clear that they confirm the main feature 
of the Tradescantia scheme. The earlier fixations always showed chromatid 
breaks, and the later ones chromosome breaks. The number of divisions 
examined in Eremurus was relatively small. 

The precise time at which the change from chromatid to chromosome 
breaks occurred differed, however, in the different plants. In Trc^descantia 
it was at roughly 36-48 hr., in Eremurus 56-78 hr., and in Allium chromo¬ 
some breaks were not found imtil fixations made 214 hr. after treatment 
were examined. 

In this last case it was thought advmble to make observations to 
confirm that treatment had indeed been applied during the post-meiotic 
resting stage, and not during meiosis itself. These confirmatory observa¬ 
tions were of two kinds. First, buds were carefully opened and one anther 
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removed to determine the stage of oytological development. The bud was 
then closed and labelled. It was opened again after a suitable size had 
been attained and the stage of development again determined. Thus it was 
possible to ascertain the time which had elapsed between the second 
meiotic division and the pollen-grain division. Second, it was found that 
buds irradiated during meiosis always gave pollen grains possessing 
micro-nuclei (see also Mather 1934). Hence the poUen grains not containing 



Hours, before metaphase, of treatment 

Fig. 3 —^Diagram illustrating the results of various X-ray experiments on the time 
of split, or ^‘division”, of the chromosomes. The ordinate shows the proportion of 
chromatid breaks, i.e. of split chromosomes. The abscissa shows the hours elapsing 
between treatment and fixation of the mitotic metaphases. This scale is reversed, 
as the late fixations give the results of irradiation early in the nuclear cycle and 
vice versa. The timing is that observed in the present experiments on Tradescantia. 
The time of split, as judged from this experiment, is marked at the top. The work 
of Hiley ( 1936 ) would give the same diagram. The other regions marked at the top 
are the portions of the cycle observed by (I) Mather and Stone ( 1933 ) ^^d (II) Huskins 
and Hunter ( 1935 )- 

micro-nuclei were irradiated after the end of meiosis. It appeared that 
pollen-grain mitosis occurred about 240 hr. after the end of meiosis. These 
observations gave results which leave room for very little doubt that 
chromosome breaks occur in material treated during the resting stage. 
It seems clear, also, that chromosome splitting occurs very early during 
the resting stage. In the other plants it occurs quite late in the post-meiotic 
resting stage, and there is no doubt that chromosome breaks occur in 
material treated after the end of meiosis. 

The immediate interpretation is quite clear. At some time during the 
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resting stage immediately prior to pollen-grain division the chromosomes 
change from a state in which they act as single to X-rays to a state in 
which they act as double. 

Parallel genetical results have been obtained. In both Drosophila 
(Patterson 1933) (Stadler and Sprague 1936) irradiation of the 

male gametes and gametophytes during rating stage produced both 
chromosome breaks and chromatid breaks. The former were observed by 
the progeny being heterozygous for a structural change. The latter were 
detected by the progeny being mosaic, one part of an individual having 
a structural change, and the other being normal. Stadler and Sprague 
(1936) have since shown that this same result is produced by ultra-violet 
irradiation. Thus in both cases some of the gametes, of the mixed sample 
used in genetical experiments, carry unsplit and others split chromosomes 
at the time of treatment. 

The ultra-violet treatment produced a greater percentage of chromatid 
breaks than did the X-irradiation. This presumably means that pollen 
competition in Zea does not act so strongly in selecting out the grains 
affected by ultra-violet rays. The effect of ultra-violet treatment at the time 
when the chromosomes are already double is apparently not so damaging 
as the effect of X-rays relative to the effects of these agencies on chromo¬ 
somes which have not yet split. 

The genetically determined effects of X-rays and ultra-violet light are 
thus mutually confirmatory, and they jointly support the cytologically 
observed effects of X-ray on pollen-grain division. 

These results may be represented in the form of a diagram (fig. 3 ). The 
ordinate shows the percentage of nuclei with chromatid breaks, i.e. in 
which the chromosomes were double with respect to X-rays, and the 
abscissa gives the time before poUen-grain mitosis of the treatment. This * 
is shown in a reversed direction as the early fixations show the results of 
treatment late in the cycle and vice versa. The regions of the cycle studied 
by Mather and Stone and by Huskins and Hunter are marked on this 
diagram. The apparent contradiction of the two sets of results vanishes 
when they are represented in this way. 

Disctjssiok 

The experimental results are clear and their immediate interpretation 
obvious. The chromosomes change from single to double with respect to 
X-rays during the post-meiotic resting stage. Is this the material division 
of the chromosomes 1 It might be expected that it is because it is difficult 
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to imagine an agency which can cause minute changes in the nature of the 
gene, or in the linear arrangement of the chromosome, being unable to 
distinguish between two separate chromatids in its action. Furthermore, 
if it is not the material division of the chromosomes then it is necessary 
to postulate either two states of doubleness, that in which the chromosomes 
are in fact double but act as single to X-rays and that in which the 
chromosome is double both materially and with respect to X-ray action, 
or two states of singleness, differing in whether they are single or double 
with respect to irradiation. Such complicating assumptions are clearly 
undesirable unless they are necessary to explain the data as a whole. 

Further evidence on the necessity or otherwise for making these un¬ 
supported assumptions is supplied by a consideration of the general 
behaviour of the chromosomes. 

We may infer the act of doubling from either an observable morpho¬ 
logical change or from a functional change. The value of direct observation, 
and of the observational definition of doubleness, has been discussed in 
the opening section. The very contradictions to which direct observation 
has led in this connexion carry the condemnation of this method. On the 
other hand, there is considerable evidence available, and evidence about 
which there is little if any dispute, which allows of a determination of the 
state of functional doubleness, and allows, also, of determination of the 
time of attainment of this state. 

At meiotic zygotene the chromosomes may be seen to be coming together 
in pairs. The individuals of a pair may be fully associated at one point and 
so far apart at another that there is no question of the dual nature of the 
subsequent pachytene association. From polyploids it is clear that the 
chromosomes can be associated only in pairs, and that pairs of pahs repel 
one another. At the end of pachytene the single chromosomes change in 
such a way that, at diplotene, each chromosome acts as did the pair of 
chromosomes at early pachytene. In particular, a pah of chromosomes at 
diplotene has the same appearance as four chromosomes in an auto- 
tetraploid have at pachytene. The chromosomes must be supposed to have 
become double. This is confirmed by the fact that, at the end of pachytene, 
crossing-over occurs and affects the two chromatids of each chromosome 
unequally. 

Thus comparative cytology allows of the definition of the splitting of 
the chromosomes as the act of changing from a single mechanical unit in 
pairing to a pair of potentially distinct mechanical units. Any definition 
of doubling that has the chromosomes, say, double at zygotene and 
quadruple at pachytene has no functional meaning. The chromosomes act 
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as a single unit at zygotene and as relatively double at diplotene. To say 
that a zygotene chromosome behaves as double without having a functionally 
single chromosome to point the comparison is merely to set up an alternative 
phrase for functionally single. 

By comparison of meiotic and mitotic behaviour the conclusion is 
reached that the chromosomes are double, in this functional sense, at the 
earliest mitotic prophase, and remain so until metaphase. At second 
division of meiosis the chromosomes act as double, and hence they must be 
so at first anaphase. Then by comparison with first anaphase they are 
single at second anaphase. Similarly they are single at mitotic anaphase. 
Thus the chromosome cycle with respect to pairing properties is clear. In 
mitosis they are double at early prophase and single at anaphase. In 
meiosis they are single at pachytene and single at second anaphase, having 
been double for a large portion of the intervening period. Thus it follows 
that in mitosis the chromosomes have divided at the previous resting stage, 
and in meiosis they have failed to do so. This is the foundation of Darlington’s 
Precocity Theory of Meiosis (1931). If further demonstration of this is 
necessary, it is supplied by the observations of Geitler (1932, cited by 
Geitler 1934). He found that in diatoms it was possible to determine the 
nature of a division, whether it would be mitotic or meiotic, by treatment 
apphed during the immediately prior resting stage. This treatment then 
determines whether the beginning of nuclear division will precede or follow 
chromosome division. 

This functional chromosome cycle, inferred from the external behaviour 
of the chromosomes, is coincident with that inferred from the X-ray 
results. Both types of data lead to the conclusion that the chromosomes 
are single at the beginning of the resting stage in any nucleus and thus 
divide, for any mitosis, at the immediately preceding resting stage. The 
X-ray results go further and allow of determination of the approximate 
time at which the chromosomes divide during the resting stage. Thus we 
have two lines of evidence giving the same result for the time of functional 
split of the chromosomes. It would need overwhelming evidence from 
direct observation to demonstrate the occurrence of visible splitting at a 
time different from functional splitting. Such evidence cannot be con¬ 
sidered to exist at present, and the importance of pure unsupported 
observation must be discounted. 

SUMMABY 

Direct observation of the chromosomes has led to contradictory views 
regarding the time of the chromosome cycle at which splitting occum. The 



106 


K. Mather 


property of X-rays in causing chromosome breakage allows of an experi¬ 
mental approach to this problem. Irradiation of split, or double, chro¬ 
mosomes produces chromatid breaks; and the irradiation of unsplit, or 
single, chromosomes produces chromosome breaks. The difference between 
these types of rearrangement is easily visible at the subsequent metaphase. 

Application of this technique to pollen-grain mitoses in three plants 
leads to the conclusion that splitting occurs duriag the post-meiotic resting 
stage, i.e. during the last resting stage before the mitosis observed. 
Genetical observations on Drosophila and Zea support the cytological 
results. 

Considerations of chromosome pairing lead to the same conclusion as the 
X-ray experiments, viz. that the chromosomes divide during the resting 
stage immediately prior to the mitosis at which separation occurs. It is 
considered that, in view of this evidence relating to the functional split, 
the contradictory evidence relating to a visible split may be discounted. 
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root-and-Mouth Disease and Vesicular Stomatitis 
A Comparative Microscopical Study 

By J. E. Babnabd, F.R.S. 

National Institute for Medical Research, Hampstead, NM. ^ 
{Received 26 July 1937 ) 

[Plates 4~6] 

The purpose of this paper is to describe and demonstrate the microscopical 
appearances, and the differences that have been observed in infective 
material obtained from primary vesicles, resulting from the inoculation 
of suitable susceptible animals with foot-and-mouth disease and vesicular 
stomatitis- 

The pathological changes which occur in foot-and-mouth disease have 
been intensively studied by a number of workers. Of the established facts, 
one or two may perhaps be recalled with advantage in relation to the 
studies to be described. The primary vesicle is the chief interest since it 
has been the main source of the material studied, but changes occurring 
in distant parts of the body are not without significance. In briefest 
outline this is what is usually observed in the guinea-pig. During the 
24 hr. immediately following inoculation of the hindfoot, local focal changes 
appear within the epithelial layer; steadily enlarging groups of epithelial 
cells degenerate and disintegrate as vesicles filled with clear fiuid appear, 
increase in size and coalesce with neighbouring vesicles. At this stage both 
the vesicular fiuid and the vesicular epithelium are highly infective. The 
blood becomes infective quite early in the disease and by the end of the 
second day following inoculation secondary vesicles are appearing in the 
epithelium of the tongue and of the soles of the forefeet. Sometimes the 
disease progresses till death occurs, but usually repair processes soon begin, 
the blood becomes non-infective, and the walls and fiuid of the primary 
vesicles rapidly decline in infectivity. By the fourth or fifth day aJl the 
vesicles are healing. By about the end of the third week desquamation 
of the damaged epithelium is complete and the skin has returned to normal. 

The pathology of infective stomatitis is very closely similar to that of 
foot-and-mouth disease. Indeed, so similar are the two diseases that it is 
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doubtful whether, by histological methods alone, the two can be dis¬ 
tinguished with certainty. In both, the virus has a specific affinity for 
epithelial cells, other cells and tissues showing only secondary reactions. 

In the course of the researches to be described parallel studies have been 
made of the two diseases, foot-and-mouth and vesicular stomatitis, as 
produced experimentally in the guinea-pig. It is rarely that two diseases, 
so similar in their manifestations, become available for microscopical study. 
The necessity for controls, using that term in its generally accepted sense, 
has not been overlooked, but it is felt that the similar clinical pictures 
presented by these two diseases did in themselves provide such efficient 
controls as could be obtained in no other way. If it could be demonstrated 
that in each case a virus-like body is present in similar sites, but that there 
is a detectable constant difference in the picture presented, this would 
be of some importance. The photo-micrographs produced by suitable 
optical means appear to support this contention. 

As a rule the guinea-pigs—^the only animals referred to in the present 
paper—^have been infected either by the method of scarification or by intra- 
dermal injection. The two methods have given identical results so far as 
these investigations are concerned. AU observations have been made on 
material freshly collected from an infected animal, and in the process of 
making the microscopical preparation no preliminary treatment, such as 
is adopted in making stained preparations, has been applied. Thus the 
material has been examined in its fresh unaltered state. The vesicle was 
opened and the contained fluid collected in a small sterile tube and suitably 
diluted. To obtain as many free cells as possible the epidermal layer inside 
the vesicle was brushed gently with a camel-hair brush, and the cells thus 
detached were mixed in with the fluid. This fluid was diluted with Ringer’s 
solution or buffered phosphate solution, the infected cellular elements 
being in suspension. The cells were allowed to sediment at about 3® 0 . for 
2-3 hr. It was then possible to take up with a fine capillary pipette a 
droplet which contained a sufficient and suitable number of cells to make 
a satisfactory preparation. This droplet was deposited on a quartz cover- 
glass which was inverted on to a quartz slide. The fluid was allowed to 
spread out and by slight compression the space between slide and cover- 
glass was completely filled. This preparation of the material is a matter 
of considerable importance although simple enough in principle. The 
essential point is that the cells to be observed must be in one layer, no 
elements overlying one another, and yet no pressure must be applied that 
might cause distortion either of the cells or the virus-like bodies within 
them. The preparation made as described was at once sealed with paraffin 
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wax by the method described by the author (Barnard and Welch 
1934 )- 

The preliminary observation of the preparation was made in visible light 
by an efficient dark-ground method of illumination which has b^n 
described already in an account of the procedure adopted for the identifi¬ 
cation of virus bodies in infectious ectromeKa (Barnard 193^)* provides 

a means of determining the appearance of the object in terms of the visibility 
of the small bodies or elements of structure present in the preparation. The 
photomicrographs presented are all taken by means of ultra-violet light 
under the conditions indicated in the detailed description which follows. 
Two wave-lengths in the ultra-violet region have been used, a wave-length 
of 275 m/^ for the dark-ground imag^ and 257 m/i for those taken by 
transmitted light. Quartz objectives corrected specially for each of these 
wave-lengths have been employed, a 1-7 mm. glycerine immersion objective, 
effective N.A. 2*5 for dark-ground work, and a 1*66 mm. glycerine immer¬ 
sion objective effective N.A. 2*6 for transmitted light. There is a definite 
reason for using these two objectives for the purpose indicated. It is found 
that the transparency of many virus bodies to ultra-violet light decreases 
rapidly between the two wave-lengths for which these objectives are 
corrected and it is probable that this is a characteristic property of aU 
animal viruses. The 1*7 mm. objective is perfectly satisfactory for dark- 
ground work as it is used in a wave-length of great intrinsic brilliancy 
which the spark-source provides, and the refractivity of the org ani s ms 
in this wave-length is high enough to form a satisfactory image. 

The transmitted hght pictures are taken in the shorter wave-length and 
give as much contrast as, and indeed a general similarity to, those provided 
by a stained preparation of an ordinary bacillus when seen vrith visible 
light. These two methods are complementary; one provides a daxk-groimd 
picture in terms of the difference of refractivity between the organism and 
its surroundings, whilst the other provides an image in terms of its specific 
absorption. The discovery that virus bodies absorb ultra-violet radiations 
so completely about the region of 250 m/i, has been of great value, as it 
has often been possible to recognize isolated virus bodies associated with 
other particulate material of similar size. 

To provide for the illumination of the material by the alternative methods 
referred to, two substage condensing optical systems have been employed. 
Provision is made in one form for illuminating the object by a daxk-ground 
method in both visible and ultra-violet light. The object is therefore 
observed and focused in visible light and the photograph taken in ultra¬ 
violet light without alteration or readjustment of the conden^r. 
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The other optical system consists of a glass dark-ground condenser for 
illuminating the object with visible light. At the centre of this illuminator 
and mounted concentrically with it is a quartz condenser for use with 
transmitted ultra-violet light. Either means can be employed by stopping 
out that portion of the condenser combination that is not required. These 
two appliances have been described elsewhere (Barnard and Welch 1936). 
Briefly the sequence of operations has been to find a suitable spot in the 
preparation in visible light, using a mercury-vapour lamp as the illuminant 
with a green colour screen to give monochromatic illumination, and to 
focus the dark-ground image as accurately as possible with a glass apo- 
chromatic glycerine immersion objective of 3 mm. focal length and N.A. 1*2. 
By appropriate means this objective is replaced by a quartz glycerine 
immersion monochromat corrected for the particular wave-length in the 
ultra-violet that it is desired to use, and the microscope fine adjustment 
altered by the amount required to give a sharp image on the photographic 
plate. The method of use is the same whether a transmitted light or dark- 
ground image is wanted, the result being determined by the type of sub¬ 
stage condenser used. 

A selection of the photomicrographs, all of which are taken by the ultra¬ 
violet light method, are shown in Plates 4 , 5 and 6. Plate 4 is of vesicular 
stomatitis and Plates 5 and 6 are of foot-and-mouth disease. The general 
similarity in appearance of the two organisms is apparent, although on 
careful comparison differences in detail will become evident. 

A comparison of the photomici;ographs of these two organisms shows 
a definite difference in size, although the variation that occurs in the 
appearance of each, due to changing environment, does not provide evi¬ 
dence by which one could be distinguished from the other with certainty. 
The lower limit of size of vesicular stomatitis lies between 80 and 100 m/^ 
whilst foot-and-mouth disease goes to much smaller sizes. The lower limit 
suggested by the photographs for foot-and-mouth disease is about 40 m/6 
but there is the important difference that this organism in its most active 
form, where subdivision of the virus is proceeding rapidly, is a slender rod¬ 
shaped body which effectively may be smaller in diameter than this. The 
significant dimension of an organism is its breadth: it is in the direction of 
its breadth that subdivision occurs. It is of more than passing interest to 
note that the larger viruses so far observed are spherical in form, they only 
depart from this before subdivision occurs and then for but a short time as 
the generative process appears to be rapid. Thus vaccinia, fowl and canary 
pox, fowl plague, and others are normally spherical, but the smaller viruses, 
of which foot-and-mouth disease is an outstanding but not isolated example, 



Foot-and‘Mouth Disease and Vesicular Stormtitis 111 


tend to become rod-like although spherical forms can be seen. In foot-and- 
mouth disease the rod-like form is very marked, many organisms being in 
length at least three times the breadth. The criticism may be made that 
these long forms are made up of spherical or coccoid bodies, that they may 
be short chains. There is no microscopical evidence to support this view, 
as had there been any reduction in intensity of the image at any point 
along its greater axis the dark-ground method of illumination in ultra¬ 
violet light would be competent to show it. The optical and physical aspects 
of this contention cannot be discussed here, but there is ample evidence 
both in theory and practice to support this view. It should be remembered 
too that whilst the apparent length of these organisms is shown with con¬ 
siderable accuracy, the breadth, which is below the strict resolution limits 
of the objective used, will be somewhat less than the photographs show. 
This difference is ascertainable and amounts to as much as 20 % in the 
smallest elements of structure. In vie-wing the photographs therefore of 
the smallest elements, while the length may be estimated with accuracy, 
the actual breadth may be reduced by as much as one-fifth of the apparent 
breadth. 

The existence of large forms of both organisms is shown by the photo¬ 
micrographs, and it may be suggested that these bodies are not the same 
organisms as the small ones, which in the case of both viruses are always 
found inside the epidermal cells. The microscopical evidence appears to 
be against such a suggestion, as transitional forms may be seen in suitable 
preparations ranging from the smallest to the largest size. The large forms 
appear in greatest numbers in older lesions, they have not been found inside 
the cells, but are found in the lymph as free bodies apart from cells. This 
side of the subject cannot be pursued in all its implications, but it is not an 
isolated instance for an organism to suffer morphological change, degene¬ 
rative or otherwise, a result of change of environment. 

It is suggestive too that the larger organisms (see fig. 14, Plate 5) are 
irregular in shape, and that actively dividing forms are not seen. It is 
possible too, assuming that any of the bodies shown are the causative 
agent, that these large forms are no longer infective, as experiments by 
others show that infectivity is lower in the later stages ot the disease. 

The size of the virus bodies, as estimated by fiOltration experiments 
(Galloway and Elford 1933), is in substantial agreement with the micro¬ 
scopical findings in the case of vesicular stomatitis, on the assumption 
that filtration results are in terms of the smallest infective units. It is the 
end-point in filtration that determines the estimate of size. Foot-and- 
mouth disease does not show the same agreement between the filtration 
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resulte ajid the microscopical images obtained, the lower limit of size 
suggested by filtration being about 12 m/4. It is admitted that this 
dimension is beyond the resolution limits of any microscope objective 
available at present, but it is not beyond the Kmits of visibility by a 
suitable dark-ground method. The images of the probable virus bodies as 
shown in the photomicrographs do not go down to the limits of size 
suggested by filtration. It may be that this is due to the optical short¬ 
comings referred to, although images have been obtained of objects 
substantially smaller than either virus referred to herein. It is doubtful 
whether this point will be settled imtil certain optical improvements at 
present in course of production have come into use. 

For the material with which this work was carried out I am entirely 
indebted to Mr. I. A. Galloway, B.Sc., M.R.C.V.S. Much of this material 
has become available during Mr. Galloway’s own researches, but often 
animals have been inoculated specially for my work. It is with much 
appreciation that this acknowledgement is made. 
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Dbsoeiption op Plates 
Plate 4. Vesicular. Stomcntitis. x 3250 

Figs. 1 and 2 —From the same sample of vesicular fluid. Fig. 1 is illuminated by 
transmitted light, fig. 2 by dark-ground illumination. Both these photo¬ 
micrographs show the slender forms of the organism that occur in early lesions. 

Figs. 3 and 4—^Similar material from another animal. The same field is shown but 
the comparative photographs were taken at different levels. In fig. 3, taken at 
a higher level^ both small and large forms are seen but the mass of organisms is 
below the focus. In fig. 4 the mass is resolved to show the individual organisms 
of which it is composed. 

Fig. 5—^Shows variation in size and is taken from a lesion at a later stage of develop¬ 
ment. Most of the organisms are larger than in the previous photographs. Tms 
appears to occur with increasing age and when the organisms are dissociated 
fcom the cells. 

Fig. 6 —Shows the small forms as they exude from the cell. It will be seen that the 
oiganisms shown at the point of exact focus are perfectly defined. 
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Fias. 7 and 8—Show the largest forms that have been observed in material from late 
lesions. 

Fig. 9 —A compact inclusion-like mass of organisms -within the cell, only a part of 
which is shown. Allowing for the slight compression that is unavoidable in 
mak i n g the preparation, it is evident that the organisms arrange themselves 
with the regularity that is usually associated -with compact growths of ordinary 
bacteria. 

Figs. 10 and 11—Comparable photographs of the same field by transmitted light 
and by dark-ground illumination. 


Plate 5. Foot’^nd-Mouth Disease, x 3250 

Fgs. 12 and 13—^Photomicrographs from 36 hr. lesion from different parts of the 
same cell. Transmitted ultra-violet light photomicrographs sho-wing the smallest 
forms observed. 

Fig. 14—^Dark-ground ultra-violet light photomicrograph, 48 hr. lesion sho-wing the 

' laager forms extraneous -to the cell, mixed -with smaller ones which have come 
from -within the cell. 

Fig. 15—^As fig. 14, but showing a larger proportion of small forms and rod-like bodies 
exuded firom the cell by slight compression. 

Figs. 16 and 17—Show the thin rod-shaped bodies which occur -within the epidermal 
cells in early lesions. 

Fig. 18—Sho-ws similar slender bo^es associated -with larger forms. 

Fig. 19—From a late lesion showing large fom^ only, the organisms are dissociated 
from the cell. 

Figs. 20, 21 and 22—Transmitted ultra-violet light photomicrographs showing 
organisms associated -with epidermal cells. Fig. 21 suggests an appearance 
which is frequently observed. The organisms often entirely replace the cytoplasm 
and completely fill the oeU. In most cases the mass is too opaque to allow a 
photograph to be taken, the appearance here shown is suggestive of the 
enormous numbers usually present. The nucleus is rarely if ever invaded. 


Plate 6. Foot'and-MoiUh Disease, x 3250 

These photomicrographs enable a comparison to be made of the results obtained 

when the same field is photographed in dark-ground and transmitted ultra--violet light. 

Figs. 23 and 24—Show an inclination to parallelism of the virus bodies which has 
not been observed in the* case of vesicular stomatitis. 

Figs. 25 and 26—Show a whole cell -with contained virus bodies. This is from an 
advanced lesion, and some virus bodies are already beyond the confines of the 
cell boundary. 

Figs. 27 and 28—^Part of another cell sho-wing the virus developing in mass. 
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Methods of Analysing the Heat Production of Muscle 

By a. V. Hell, Sbc.R.S. 

From the Department of Physiology, University College, London 
{Received 6 September 1937) 

The initial heat production of muscle (as distinguished from the delayed 
heat production) occurs so rapidly that the determination of its distribution 
in time, particularly in relation to contraction, relaxation and the per¬ 
formance of mechanical work, requires special methods of analysis (see 
e.g, Hartree 1933 )* The only means hitherto found satisfactory of measuring 
muscle heat production has employed a thermopile and galvanometer. 
For the rise of temperature involved the e.m.f. developed by the thermopile 
is only a few microvolts, and it has not been possible to devise any really 
satisfactory method of amplification: the current has had to be read 
directly by the galvanometer. Since the current was small the galvanometer 
had to be sensitive, and therefore comparatively slow. This introduced the 
first element of delay in the measurement of the heat, that due to the 
galvanometer. The second was due to the thermopile, for all thermopiles 
hitherto employed have been rather slow in reaching the temperature of 
ate muscle. Moreover, their heat capacity has been so large that the 
sensitivity of the system has been considerably less than that calculated 
simply from the constants of the apparatus. 

For an th^ reasons the analysis and the calibration have been per¬ 
formed by heating the muscle electrically during a known short interval, 
or ‘^instantaneously”, and finding numerically what distribution of such 
heat-pulses would give the same deflexion, in time and amplitude, as the 
heat produced by the stimulated muscle. The method is laborious and 
■there are various objections to it, particularly (i) the requirement that the 
musde must be of uniform cross-section if it is to be uniformly heated 
(see Hill 19316 , p. 144, Appendix II), (ii) the need of very good electrical 
i nsu la tion, in order •bo avoid leaks, and (iii) the danger of non-'uniform 
heating in the i m m ediate neighbourhood of the electrodes leading current 
to the muscle. Within limits, however, the method has fulfilled its purpose, 
and ail significant r^ults on the time-course of the heat production of 
muscle (and nerve) have been obtained with it. 

[ 114 ] 
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In the present paper a method is described in which the heat capacity 
of the thermopile, and its lag in reaching the temperature of the muscle, 
are made very small. It will still be necessary to use a ^‘heating controF’ 
for the analysis of the delayed heat production, since the thermo-e.m.f. of 
the thermopile is bound to diminish with time, owing (i) to cooling of the 
muscle and (ii) to warming of the “cold” junctions by conduction: and 
no simple method of allowing for these is available. For the initial heat, 
however, the use of a thermopile with rather long thin wires of low thermal 
conductivity (e.g. manganin and constantan) prevents any significant loss 
of thermo-e.m.f. in the few seconds covering the initial heat, and the new'' 
method, which is simpler and more accurate than the old, is available. 

Recent improvements in galvanometers, on the lines of the Moll 
“microgalvanometer”, have made it possible to obtain sufficient sensitivity 
for myothermic experiments with a total (undamped) period of 0*20- 
0*35 sec. The construction and performance of such instruments are 
described by Mr. A. 0. Downing in Appendix I below. With so quick a 
galvanometer it is not difficult to analyse a photographic record so as to 
get a comparatively true picture of the e.m.f. of the thermopile at all 
times during and after a contraction. The method of analysis is described 
in Appendix II. Unless, however, the thermopile is very mpid, its e.m.f. 
does not represent sufficiently nearly the temperature of the muscle on it 
and nothing is gained. Mr. Downing, however, has succeeded in making 
thermopiles so thin, and of heat capacity so small, that their e.m.f. follows 
with insignificant lag the temperature of the muscle. Their construction 
is described by him in Appendix III. Their couples are of 42 s.w.g. con¬ 
stantan and manganin wire, rolled to about 15/^ thickness. Their insulation 
is of mica with a minimal amount of bakelite varnish: its r^istanoe need 
not be very high (though it may in fact be hundreds of megohms after 
prolonged soaking), since electrical heating is now unnecessary. The 
thinnest thermopile hitherto constructed is 65/^ thick, and is equivalent 
in thermal capacity to about 40/« of muscle; it is expected that one of 45/e, 
equivalent to about 29 of muscle, will shortly be available. Part I of 
this paper describes a mathematical and experimental examination of 
the time taken by such thermopiles to reach the temperature of the 
muscle. 

During the course of this investigation it was realized that, m experi¬ 
ments in which a muscle is allowed to shorten, an error may result, 
however constant and uniform the temperature of the apparatus, firom the 
fact that diEFerent parts of the muscle itself may be at different tempem- 
tures. This error is one which has do^ed the footsteps of those who have 
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worked on muscle heat (cf., for example (Hill 1913 ), the negative Warme- 
schwanJcungen of the earlier German workers): but it had been supposed that 
it could be avoided by keeping the thermopile and its chamber at a very 
uniform and constant temperature. It had not been realized that the heat 
production of the muscle itself, either the resting heat, or the recovery heat 
and the undissipated remainder of the initial heat of previous contractions, 
might make parts of the muscle not lying on the thermopile appreciably 
wanner than parts lying on it. The thermal conductivity even of the 
thinnest thermopile is considerably greater than that of air: so the part 
of the muscle on the thermopile must lose its heat faster, and so be cooler, 
than the rest. 

The difficulty of fitting into any clear scheme the results obtained by 
many investigators* on the energy exchanges of muscles shortening, 
lengthening, doing mechanical work, or having work done on them, 
encouraged one to examine the matter further. There were clear signs of 
thermodynamic relationships in the various results, yet no consistent 
picture of them could be formed. Possibly some at least of the results were 
inaccurate, and if errors could be cleared away a much more consistent 
picture might emerge. 

One possible method of detecting the error, if it existed, was to use a 
thermopile with three galvanometer leads, Dd^ Ee and Ff (fig. 4 below). The 
part between F and E was nearer the fixed end of the muscle, the part 
between E and D nearer the movable end. The part ED was long enough 
to ensure that when the muscle shortened any part of it which came on 
FE had previously been on ED, and so had been subjected to identical 
conditions of heat loss. The record, therefore, from FE would not be 
affected by the error in question, that from ED would be. An experimental 
<x>mparison of the records from FE and from ED respectively, which were 
exactly similar in isometric contractions, showed that grave errors affected 
the r^ults when shortening was allowed. These errors must have occurred 
in all shortening experiments in which a thermopile was not ‘^protected” 
by a sufficient length of similarly conducting material beyond it. They, 
and the method of avoiding them, are described in Part 11. 

In dealing with muscles actually shortening, or in comparing muscles 
at different lengths, another difficulty in the earlier method was that the 
‘‘heating control” curve and the ‘^calibration number” depended on the 
thickn^ of the muscle (see e.g. Hill 1925 , p. 242 ): the thermal capacity 
of the thermopile was not nearly small enough to be neglected and naturally 

♦ Fenn ( 1923 , 1924 ), Azuma ( 1924 ), Hartree ( 1925 ), Wyman ( 1926 ), Hartree and 
HjII (1928 a and b). Hill ( 1930 , 1931 a), Cattell ( 1932 ), Feng ( 19326 ). 
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the muede when diorter, end theiefore thlAer, 
dMcnlt to allow for thla «.eni.tely. With a very smaU h^ 
however in the thermopile this trouble does not occur, no g 

^ntrol”’ or “cahbration” need be made, the temperature of the ^cl 

being given closely enough by the^xnX of I 

thin thermopile of the kind described m Appendix H, prot^ted oy 
suitable extension of similar thermal conductivity, it should be possi , 
^^diacnlty. to measnro, and to detom^ tha 
of the heat production of muscles of any convement shape, and under 
Ctoqnired manoanvroa of d^ortening, langthening or dotog 

“t^.I^'thonnopile,, or indeed any othe.. one ape^ preoanil^ 
i, woAtmphaamng: the eontact of the mnacle with the faee of the 
thermoptte sLuld be as nniform aa possible thronghont emtr^tion m 
narticnL the surface of the instrument should be quite Bat and par^ 
to the line of pull of the muscle. A groove buit up with insulator to wnfine 
Se mSe »C preoitely to the region of the hot function, a htde «p 
of wire to guide the thread from the tendon, an accurate adjustment of the 
S Zvl^ devices and precautions are of more th^ mmor 
Sw^ce in securing reliable results. They and others like them wiU 
oc^ to the skilled experimenter once he realizes the neo^ty of ensmmg 
eZme uniformity in the thermal contact of muscle and instrument. 


Part I— The Plow oe Heat from Muscle to Thermopile 

Por myothennic experiments it is best that the muscle ^ 

uniform Iheet on the face of the thermopile: the sartonus of the frog and 
fa P+nr of the pharynx of the snail are of suitable shape. For quickness 

hv muscle * if only one side is covered the time taken to reach any 
S tem^Lre equalization wih be four times as long. 
Sl^ver^e heat capacity of the thermopile is twice as great with resect 
to one muscle as it is with respect to two. We 
a muscle Hes on each face of the 

anv suitable muade is rather small compared with its width, we 

any “ ^ ^ ^ i^te plane sheet of thickness a on each s^ 

^^thermopile, and the latter to be an infinite plane shwt of thieve® 26 
If a siile mLde is used, on one &ce only, the equatmns are identical 
save thft 6 is now the full thickness and not half the thickness. 
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It is impossible, with a very thin thermopile, to measure experimentally 
the speed with which the temperature rises: hence the need of mathe¬ 
matical treatment. With a thicker thermopile, however, the speed can be 
measured, and compared with that calculated mathematically. The 
agreement is found to be good: the assumptions, therefore, of the mathe¬ 
matical treatment are verified, and the latter can be used to determine 
the speed of the thinner thermopiles which is too high for experimental 
measurement. 

Let K be the thermal conductivity of the muscle, c its specific heat, 
p its density. Then for plane conduction, 


dy 

dt cpdx^' 


where y is temperature, t time and x distance measured perpendicular to 
its surface jfrom the middle plane of the thermopile. Writing k — Kjcp this 
becomes 


dt^ 


(I) 


Assume that all the constants are the same for thermopile (which is largely 
insulation) as for muscle: this will be Justified approximately below. Then 
equation (I) holds throughout the system. 

It is required to determine how rapidly the thermopile approaches the 
temperature of the muscle when the latter is suddenly warmed by an 
“instantaneous” production of heat. The statement of the problem is 
simpler if we suppose that heat is suddenly produced in the thermopile 
which then cools by conduction to the muscle. It is easy, in the end, to 
return to the original problem. 

First r^ard the muscle as infinitely thick and the thermopile as infinitely 
thin, A solution of equation (I), as can be verified by differentiation, is 



This fulfils the conditions: 


(а) that at ^ = 0, y = 0 everywhere except at a; = 0; 

(б) that at ^ = 00,2^ = 0 everywhere; 

(c) that at a; = 00, y == 0 always. 

The total amount of heat, per unit of surface, is J ycpdx, which by 

integration is 2epA[ >^/(i7r): i.e. the heat content is constant, viz. that 
liberated instantaneously at a; = 0 at zero time. Thus the equation represents 
the distribution of temperature throughout the muscle at time t after an 
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instantaneous liberation of heat in a very thin layer at a: = 0. If the layer 
in question be the thermopile, and if the heat be that required to warm it 
through degrees, the heat is y^ 2 bcp: equating this to 2 cpA^{k 7 r) we 
find A = yob/^Jikn), and the solution becomes 






ill) 


This equation is generally accurate enough for practical purposes: the 
temperature of the thermopile is that at a; = 0 and is therefore 

ypb 


y = 


^JikTTt) * 


(in) 


We see that the time required to attain any required degree of approxi¬ 
mation to the temperature of the muscle is proportional to the square of 
the thickness of the thermopile. This is the reason (i) why a thin thermopile 
is so much more rapid than a thick one, and (ii) why it is important to have 
a muscle on each face. 

We can pass now to the case of a muscle of infinite thickness and a 
thermopile of finite thickness. Replacing 26 by m equation (II) and 
xhj (x-i), clearly 


y = 




2^{k7rt) 

represents the distribution of temperature, in space and time, after a 
sudden liberation of heat at ^ = 0 and x = Thus if, at ^ — 0, heat be pro¬ 
duced throughout the thermopile in amount sufficient to raise its tem¬ 
perature uniformly to y^, the resulting distribution at time t will be 

« - m 


2^{k7rt)J^b 

From equation (IV) we can pass to the general case of a muscle and a 
thermopile both of finite thickness. If the muscle ends and is insulated by 
air at a; = ± (a -h 6), the essential condition is that no heat can flow out or 
in there. This condition is met by putting images at ± 2(a-l-6), ± 4 (a-{- 6 ), 
± 6(a-|-6), etc. Equation (IV) then becomes 


n=+oo r+b 


(V) 


This is the complete solution. We are interested, however, in the tem¬ 
perature of the thermopile, which since the wires are always thin is 
effectively that at a: = 0 . Thus the temperature of the thermopile is 


(VI) 
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Consider first the term for which » = 0, viz. 

2V(fcrf)J_6® 

The part inside the integral can be expanded as a fairly rapidly converging 
series and integrated and we get, 

“ VML 34 a 6 2H4ti/ J 

This has been calculated as a function of including aU significant 
terms and OTer the whole range that matters, for = 1, in Table I. 


Table I—^Tempebatuee of Theemopile after Instantaneous 
Heating: Muscle Thickness assumed Infinite 


y 

0-125 

0*053 

0*167 

0-017 

0-250 

0-843 

0-350 

0-767 

0-500 

0-682 

0*750 

0-585 

1-00 

0-521 

1-25 

0-473 

y 

1*50 

0-436 

2-0 

0-383 

3-0 

0-317 

4-0 

0-276 

6-0 

0-227 

0-0 

0-186 

10 

0-177 

16 

0-140 

ib/b* 

y 

20 

0-126 

25 

0-113 

36 

0-004 

40 

0-081 

64 

0-070 

81 

0-063 

100 

0-056 



The thermopile is supposed to be suddenly warmed at i=0 and y is its temperature 
thereafter. 


Consider now the n-terms. I'or n = ±1 the integral is J 

since | (which is never greater than b) is small within these limits compared 
with 2(a + 6). It is assumed that the thermopile is fairly thin compared 
with the two muscles. Thus the % = +1 terms taken together provide 


the correction 




^(kTTt) 


g-{a/6+i)»/(i</6»)_ Similaxly the n — ±2 terms provide 


the M = + 3 terms 


2yo6 


g-9(a/6+i)*/(M/6*) etc. The total 


Til ^ J — 77 = -r t 

^{kirt) ^J(k7Tt) 

correction is the sum of these terms and has been calculated (Table II) 
for various values of ktjb^ and of a/b. We see that, except for long times 
and for very thick thermopiles (a/6 small), the correction to allow for the 
thickness of the muscle is small or negligible. 

The last column of Table 11 represents the correction for muscle 
thicktt^s |.fter complete redistribution of the heat. We suppose that the 
heat initially set fi:ee in thickness 26 of thermopile is uniformly distributed 
in the end in 2a of muscle and 26 of thermopile, so the final temperature 
is yo^l(a + 6). Reverting now to the case of a muscle suddenly warmed and 
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a thermopile following it, we must add the correctioii of Table 11 to the 
y of Table I, and subtract the sum from unity; the difference is the rise 
of temperature of the thermopile. The more pertinent quantity, however, 
is the rise of temperature of the thermopile as a fraction of that finally 
attained: this is found by multiplying the quantity last calculated by 
(1+6/a). Examples are given below. 

Table II—Coeebction to be adbed to y ht Table I to allow 
BOR THE EeSITE THICKiTESS OP THE MTTSCLE 

ifcJ/6»= 1 4 6 9 16 25 36 49 64 81 100 cx3 

a/6 = 5 0 0 0-001 0-007 0-030 0-064 0-073 0-086 0-096 0-104 0-110 0-167 

a/6 =10 0 0 0 0 0 0-002 0-007 0-014 0-021 0-036 0-045 0-091 

a/6 = 20 0 0 0 0 0 0 0 0 0 0-001 0-001 0-048 

a/6 = 30 000 0 0 0 0 0 0 00 0-032 

The values at oo represent the final correction after complete equalization of 
temperature. 

The absolute values of the constants. (1) Muscle —^Muscle is about 80% 
water and the remainder is chiefly protein. The thermal conduction of 
muscle cannot be far from that of its water plus that of its protein. 
According to tables the K of water is 14x 10“^, that of hair, silk and 
leather 5, 9 and 4 x 10”^ respectively. Assume jS^ = 6 x 10“^ for the protein 
of muscle: the exact value makes little difference. Then for muscle 
K = (0-8 X 14+0-2 X 6 ) X 10“^ = 12-4 x 10“*. Typical values for muscle of 
p and c are (Hill 1931a), p= 1-054, c=0'S12; therefore pc = 0-92, and 
k = KJpc = 1-35 X lO-^ 

(2) Thermopile —^The thermopiles chiefly considered consist of IS/e wires 
covered with mica. In conduction and heat capacity the mica is much 
more important than the wire. For mica perpendicular to the cleavage 
planes = 1-8 x 10“®: also p = 3, c = 0-21: hence pc = 0*63, = 2-9 x 10^. 

For manganin, A = 52 x 10"'^, p = 8-5, c = 0*097: hence 

pc = 0*82, i? = 63 X 10“®. 

For comtantan^ A = 54 x 10“®, p = S-9, c = 0*098: hence 
pc = 0*87, i = 62 X 10“®. 

For the thin thermopiles here considered temperature equalization in 
the instrument itself is extremely rapid, so rapid that its actual value 
of k scarcely affects the result except at very short times. The conduction 
which chiefly affects the result is that in the muscle: the temperature of 
a very thin thermopile lying between two muscles ris^ practically as a 
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whole, as heat is conducted up to it from the muscle. The thickness of the 
thermopile is of consequence almost only because of its heat capacity, 
the thicker thermopile taking more heat and therefore a longer time. Thus 
the fact that Ic for mica is about twice that for muscle has little effect: 
what effect it has is slightly to quicken conduction, and so to make the 
instruments slightly better than here calculated. 

The fact, however, that the thermal capacity of the thermopile is less 
than that of muscle has a very distinct advantage. For example, with a 



Fro, 1—^The rise of temperature of a thermopile after instantaneous heating of the 
miisele on it. Calculated as described in text. The muscle is assumed to be 0*1 cm. 
thick on both fac^ of the thermopile, the thermopile to have an equivalent half 
thickness (in cm.) given by following the values of h (from below upwards): 0*02, 
0-01, 0-005, 0-002, 0-0014, 0-0001. 

thermopile consisting of 15/4 of wire with 20/4 of mica on each face the 
mean pc is (15 x 0-85 + 40 x 0-63)/55 = 0-69. The pc of muscle being 0*92 the 
55/4 of thermopile is equivalent only to 38/4 of muscle. In this case we may 
take 26, the equivalent thickness of the thermopile, as 38/4 instead of 55/4. 
Since (38/55)^ = about the time to any specified degree of temperature 
equalization is reduced to about one-half, chiefly by the lower thermal 
capacity of the mica. 

Examples —^Fig. 1 shows the calculated behaviour of six thermopiles 
after the muscle on them has been suddenly warmed. The muscle is 
supposed to be 0-1 cm. thick on each face: b is the equivalent half thickness 
of the thermopile in cm., i.e, the thickness of muscle which would have 
the same thermal capacity as half the thermopile. The curve for 
b = 0'02 is calculated for a very slow instrument actually in use, of which 
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an experimental test is shown in fig. 2. The curve for b = 0*002 is 
calculated for an instrument rather thinner than one r^sently constru|ted 
by Mr. Downing, which has Ib/i wires and 25/4 mica on each face. (This 
proved much too fast for an accurate experimental test. The curve for 
b = 0-0014, which is shown also on a lai^er scale of time in %. la, approxi- 
mately represents a very thin iostrument now under construction. It 
should give 90% of its full e.m.f. within 37 msec., 94% within 100 msec. 
It should be rapid enough for a good analysis in units of 0-1 sec. or 



Fig. la —As fig. 1, curve for 6=0*0014 cm. shown on enlarged time-scale. This 
represents the thinnest thermopile which it is regarded as practicable, at pr^ent, 
to construct. 

The accuracy of the calculation has been tested in several experiments 
with slower thermopiles. In that of fig. 2 a thermopile 0-53 mm. thick, 
with a calculated b of 0*02 cm., had a pair of dead muscles each about 
0-1 cm. thick on it, which were heated by a condenser discharge of O-T/^F, 
315 V. It was connected to a galvanometer of period 0-22 sec. and the 
deflexion was analysed in unite of 0-04 sec. by the method described in 
Appendix 11, to give the e.m.f. of the thermopile. The results of the 
analysis (which is the actual one of Table VI, Appendix EE) are shown in 
square blocks, the calculated rise of temperature by the curve. The 
agreement is satisfactory. In the experiment of fig. 3 a thermopile about 
0-18 mm. thick, with a calculated b of 0-006 cm., was similarly tested. 
The calculated curve agrees satisfactorily with the results of the analysis 
in 0-02 sec. The agreement of figs. 2 and 3 is not due to any adjustment of 
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constants, for all were measured directly: the calculation, therefore, is 
verified, and may be applied to the thinner thermopiles which are too fast 
for direct measurement of their speed. 



Fig. 2 —^Comparison of calculated with observed rise of temperature of a thermopile 
0*053 cm. thick after “instantaneous” heating of a muscle on it. See text. 



Fig, 3 —Comparison of calculated with observed rise of temperature of a thermopile 
0*018 cm, thick afber “instantaneous” heating of a muscle on it. See text. 

Disaiissim —The curves of figs. 1 and 1 a show that thermopiles can be 
constructed which give nearly their full e.m.f. in O-l sec., which is short 
enough for an analysis of the heat production of frog’s muscle at 0° C. 
They give 70% of their e.m.f. in a few milliseconds, and could be used 
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with a much shorter interval than 0-1 sec. without considerable error. 
They have still a slight lag, but this could not really be avoided by any 
means whatever: even if the thermopile were indefinitely thin there would 
stiU be a film of Ringer’s fluid between muscle and thermopile, and very 
probably a layer of connective tissue or of imperfectly contracting fibres, 
and these would still provide a lag as great as that of a thermopile with 
6 == 14 — 20 /^. Thus the method of analysis described should give as accurate 
results as the nature of the material would in any case allow. 

Oalibrafion —^The large heat capacity of former thermopiles made it 
necessary to cahbrate the apparatus in absolute units by a known amount 
of energy liberated electrically in the muscle: and since the calibration 
depended on the ratio of the heat capacities of muscle and thermopile it 
was affected by the thickness, and therefore by the length, of the muscle. 
The calibration added greatly to the labour of experimentation, and its 
accuracy, for a variety of reasons, was not very high. With the thin 
thermopiles here described the heat capacity is small compared with that 
of the muscle: e.g. a thermopile with 2b = 0-005 cm. has only 2 ^ % of the 
heat capacity of a 1 mm. muscle on each face of it, and even that could 
be allowed for approximately while the effect of length must be negligible. 
Thus it should be possible, from the constants of the apparatus, to expr^ 
all deflexions rather accurately in degrees Centigrade. Knowing the 
specific heat of muscle (Hill 193 lu) the rise of temperature gives heat per 
gram: knowing the total weight of muscle we can calculate heat in absolute 
units for comparison, for example, with work done. 

A further complication with some earlier thermopiles was that, owing 
to the high thermal conductivity of the iron or silver wire used in them, 
or to the short distance from hot to cold junctions, the e.m.f. fell off so 
rapidly that the maximum galvanometer deflexion was appreciably 
diminished (see e.g. Hartree 1931 , p. 22 : the ‘^heating control” had fallen 
appreciably by 1-5 sec.). This can be avoided by using wire of low thermal 
conductivity (manganin“Constantan,thermo-e.m.f. about 40 x 10“®V/1°C.), 
by increasing the distance from hot to cold junctions, and (to some degree) 
by ‘"loading” the latter with solder to prevent them from warming up so 
quickly by conducted heat. The thin thermopiles here described give a 
maximum e.m.f. which is effectively constant for several seconds, and this 
tirouble do^ not occur. It is avoided, however, at some expense of 
sensitivity, since the electrical conductivity runs parallel to the thermal 
conductivity and a thermopile which better preserves its maximum e.m.f. 
inevitably has a higher electrical resistance. A minor disadvantage is that 
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the slower heat loss means that the instrument takes longer after one 
observation to settle to a zero steady enough for another. In the design 
of a thermopile for any purpose a balance must be struck between these 
several factors. 


Pabt n—A k Eehoe m the MEASUEEMEiirT OE THE Heat Pbobtjctioh 
OF Muscles allowed to Shobteh, akd a “Pbotected’" 
Theemopile foe avoiding it 

A muscle at rest produces heat, and in consequence its temperature is 
above that of its surround i ngs. The steady difference of temperature 
finally reached represents a balance between heat production and heat 
loss. A muscle on a thermopile loses heat largely by conduction laterally 
along the wires and insulator, but partly by conduction and convection 
in the gas around it, and to some degree by evaporation—due to the 
warmer muscle having a slightly higher vapour pr^ure than the Ringer’s 
fluid in which it was previously soaked. The steady temperature, shown 
by a steady deflexion of the galvanometer, can be used as a measure of 
the rate of resting heat production (Hill 1928 ; Feng 1932 a; Beresina 1932 ; 
V. Euler 1935 ; Solandt 1936 ). The reading is less the greater the thermal 
conductivity of the thermopile. 

For a muscle in air or oxygen the heat loss is only through the gas, and 
the final steady temperature is higher than in a muscle on a thermopile 
in which heat loss occurs through the wires as well. Thus, owing to the 
resting heat production, there must arise a difiPerence of temperature 
between those parts of a muscle which are off a thermopile and those which 
are on it. When, therefore, the muscle shortens, the heat observed is 
greater than it ought to be, when it relaxes and its warmer parts move 
away the heat observed is too small. In respect of the total initial heat 
the two effects tend to balance, but not exactly, since some of the heat 
of the warmer part of the muscle is left behind in the thermopile when the 
muscle relaxes. 

The effect is not small. Even with a thermopile of high thermal con¬ 
ductivity (e.g. Hill 1928 } the steady deflexion at room temperature due to 
the resting heat production is about one-half of that caused momentarily 
by a muscle twitch; with a thermopile of low thermal conductivity (e.g. 
V. Euler 1935 ; Solandt 1936 ) it is considerably greater. The part, therefore, 
on the thermopile must be 0 * 001 - 0 - 006 ° C. warmer than its surroundings, 
so that the part off the thermopile, which is cooled only through the air. 
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may be anythiog up to 0 ‘ 01 ° C. warmer. This warmer part, coming on to 
the thermopile in contraction, would cause a considerable disturbance. 
At 0 ° C. the rate of resting heat production is less, say J, so the error is 
correspondingly reduced. Fortunately the time course of the heat pro¬ 
duction in muscles allowed to shorten (Hartree 1925 ; Hartree and Hill 
19286) has always been determined at 0 ° C., and so far as the resting heat 
production was responsible the error must have been rather small. 

More serious, however, than the resting heat, under most experimental 
conditions, is the heat left over from previous contractions. It is seldom 
possible for an observer to wait 15-20 min. between successive readings, 



Fio. 4—^Thermopile for studying error due to movement. A., tendon of muscle; 
«7, bone; JB, H, stimulating electrodes; €G^ thermopile; CD, FG, “dummy** portions; 
DjE?, “unprotected” portion; EF, “protected** portion; Dd, Ee, FJ, leads to 
galvanometer. 

and unless he does so the muscle will still be recovering (if oxygen be 
present) and producing recovery heat. This will add to the error due to the 
resting heat. Moreover, the initial heat requires several minutes for its 
loss by conduction, etc., through air, so that unless observations are made 
at long intervals the undissipated remainder of the initial heat of previous 
contractions may add to the disturbance. This last trouble may be very 
serious, as is shown below* and is not avoided by working at a low 
temperature. 

The error due to movement was explored by a special thermopile shown 
diagrammaticafly in fig. 4. On this was fixed, at 19° G., a pair of sartorii 
of a Hungarian frog: A is the tendon, J the pelvic bone. B and H are the 
stimulating electrodes. CD is a '‘dummy ” portion of thermopile, containing 
wires except close to (7, but without a connexion at G to the galvanometer. 
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FO is a fiiTniTax dummy” portion. CD and FG are similar to the main 
thermopile DF, The thermopile is about 0-125 mm. thick and has rolled 
wires (constantan-manganin) about 25/^ thick. It has three leads, Dd^ Ee 
and jpy, so that the whole thermopile, or either of its portions DE and EF^ 
can be separately connected to the galvanometer. 

The thermopile DE is “unprotected” against any considerable shortening 
of the muscle: i.e. when the muscle shortens a portion of it previously off 
the thermopile comes on to it. Against slight shortenings, as in a nearly 
isometric contraction, it is “protected” by CD. The thermopile EF is 
completely “protected” by CD and DE at one end and by FG at the 
other. The muscle could not shorten so much that a part of it came on 
to EF which was not previously on GE : while in any slight movement at 
the bone end no new part of the muscle ever came on to EF which had not 
previously been on FG. Thus the “protected” thermopile EF should be 
completely free from the error considered: the “unprotected” thermopile 
DE should be largely affected. 

The thermopiles were used with a galvanometer of period 0*22 sec. 
EF had more couples than DE and so gave a larger deflexion: the shape^ 
however, of the record obtained by stimulating, and not its magnitude, 
alone was considered. EF had a higher resistance than DE^ so when the 
latter was used a resistance (equal to the difference) was introduced to 
maintain critical damping. 

The similarity of the two thermopiles, DE and EF^ in use was confirmed 
by making several photographic records from each for an approximately 
isometric contraction (0*2 and 0-3 sec. tetanus). The deflexions were 
practically identical in shape, showing (i) that the thermopiles, and the 
portions of muscle on them, were similar, and (ii) that DE was sufficiently 
“protected” for an isometric contraction. 

With isotonic contractions, however, the deflexions obtained from the 
“protected” and the “unprotected” thermopiles were quite different. 
Even after a very long rest, to allow for the dissipation of all previous con¬ 
traction heat, the “unprotected” thermopile gave a much more rapid 
deflexion than the “protected” one, due to a warmer piece of muscle 
coming on to it in contraction, going off it in relaxation. For example, 
with a 0“3 sec. tetanus, 10 g. imtial load, 27 g. affcerload, the deflexions 
of Table in were obtained (reduced to maximum = 1000 in either case) 
after 15-20 min. rest. The difference between “protected” and “un¬ 
protected ” is due to the resting heat. 

When stimuli were applied in fairly rapid succession, e.g. at 1 min. 
intervals, the “protected” thermopile gave a series of almost identical 
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Table III— Comparisoit of Deflexioks Arasit Long Rest: 
''Protected” akb "Ukprotecteb” Thermopiles: 

0-3 SEC. Isotonic Tetanus 


Time (sec.) 

0 

0-2 

0-4 

0-6 

0-8 

1-0 

Deflexion: “Protected” 

0 

205 

494 

853 

965 

994 

“Unprotected” 

0 

412 

610 

905 

967 

1000 


records. The records, however, of the "unprotected” thermopile showed 
a large progressive change. The deflexions of Table IV were reduced to 
the same maximum, at 1-0 sec.; all except the first, however, showed two 
maxima, the earlier at 0-6 sec. or before. The records should all have been 
the same, as they were with the "protected” thermopile: in fact, they 
differed greatly from one another and from the records with the "pro¬ 
tected” thermopile. An analysis of them would give an absurd result, 
much too large a positive heat at the start, then a considerable negative 
heat, then a positive heat later. This is in accordance with expectation. 
Even the absolute value for the total heat, if taken as given by the 
maximum deflexion, is considerably in error. AH this shows the influence 
of the undissipated remainder of the heat of earlier contraction. Under 
isometric conditions this progressive alteration in a series made at short 
intervals did not occur. 

Table IV— ^Deflexions from "Unprotected” Thermopile, 

0-3 SEC. Isotonic Tetani, in Fairly Rapid Succession 


Time (sec.) 

0 

0-2 

0-4 

0-6 

0-8 

1-0 

Deflexion: After long rest 

0 

412 

610 

905 

967 

1000 

1 min. later 

0 

545 

803 

1023 

987 

1000 

2 min, later 

0 

505 

890 

1085 

985 

1000 

3 min, later 

0 

480 

893 

1108 

997 

1000 

4 min. later 



No record 



5 min. later 

0 

455 

1030 

1183 

997 

1000 


With shorter tetani the difference was not so obvious ip inspection, but 
immediately to measurement. For example, with 0-1 sec. isotonic tetanus, 
initial load 4g., after-load 36 g., the "protected” thermopile gave its 
maximum deflexion at about 0-8 sec., the "unprotected” at about 0-3 sec. 
An analysis of the latter record would give a large negative heat in 
relaxation: a completely false result. 

If, as has been customary hitheirto, the whole thermopile, i.e. OG, had 
been used, the error in shortening experiments would have been "diluted” 
by adding the e.m.f. of the "protected” part to that of the "unprotected” 
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part. The analysis would have been incorrect, but not obviously absurd: 
the total heat would have had an unknown error, probably not so large as 
altogether to invalidate the conclusions. It is not suggested that the results 
of all experiments hitherto made on the heat production of muscles 
allowed to shorten are wrong: it is certain, however, that they were 
affected by an error of unknown size, which may well have been large 
enough to obscure the finer details of the conclusions to be drawn j&om 
them. They ought all to be repeated by a method above reproach. 

Fortunately such a method is at hand in the use of the ‘'protected” 
, thermopile. We have only to make sure that no part of the muscle can 
possibly come on to the thermopile which has not previously been subjected 
to identical conditions of heat loss. The simplest and safest way to do this 
is to continue the thermopile itself as a “dummy” below, and to a slight 
degree above, the part used to provide the deflexion. This is being done 
in the very thm new thermopile referred to in Part I. By its use it is 
hoped to reinvestigate the heat production of muscles allowed to shorten. 
Its thinness and quickness should render analysis easy and accurate, and 
the “protection” should make the deflexions truly represent the heat 
produced. 

My th anks are due to Mr. P. E. Marrack of the Admiralty, for his help 
with the mathematics of Part I. 


Summary 

A new method is described of analysing the time-course of the initial 
heat production of muscle. A very thin thermopile (45-60/^) is used with 
a heat capacity so small that the delay in taking up the temperature of 
the muscle can be neglected. The e.m.f. of the thermopile, and thus the 
temperature of the muscle, is obtained by a simple analysis (Appendix II) 
of the galvanometer record. No “heating control” is required except for 
the delayed heat. 

A mathematical treatment of the heat flow from muscle to thermopile 
shows that the speed is adequate. A thinner thermopile would give little 
further advantage. The calculations are confirmed by direct measurement 
with thicker thermopiles. 

The thin thermopile, of low thermal capacity and conductivity, avoids 
the necessity of “calibration” with a known amount of electrical energy: 
deflexions can be transformed directly into absolute units from the 
constants of the apparatus. 
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An error is discussed which must have aJBfected, to a greater or less 
extent, all experiments hitherto made on the heat production of muscle 
allowed to shorten. The part of a muscle off a thermopile is less effectively 
cooled than the part on it, due to heat loss by conduction in the wir^ in 
the latter case, so that—owing to the resting heat, the recovery heat and 
the undissipated remainder of the initial heat of previous contractions—it 
is warmei? The error is caused by the warmer part coming on to the 
thermopile during contraction. It may be very serious. It can, however, 
be avoided altogether by using a ‘‘protected” thermopile, i.e. one with a 
“dummy” extension of identical thermal conductivity. 

The method using a thin thermopile does not require that a muscle 
should be of uniform cross-section. 

A moving coil galvanometer of short period is described which is 
sufficiently sensitive for most myothermic experiments. 


Appej^-dix I— ^A Galvaxometee of Shobt Peeiod foe 
Myotheemic Expeeiments 

By a. C. Downing 

The galvanometer is of the same general design as the Moll “Micro¬ 
galvanometer” manufactured by M^rs. Kipp of Delft, but owing to a 
lighter mirror and coil is more sensitive for a given period. The bifilar 
suspension is of gold alloy, to keep the resistance low. Non-magnetic 
silver wire is used for the coil. 

The model employed in Professor Hill’s recent experiments was as 
follows: 

Coil measurement ... 22 x 1-5 mm. 

Number of turns ... 35 

Coil resistance ... 18 ohms 

The coil is wound about a glass tube of about 0*2 mm. diameter, great 
care being taken to keep it symmetrical. To connect the ends of the (x>il 
and also the suspension, small pieces (“tags”) of copper or silver wire are 
jSxed in the ends of the tube, and the coil and suspensions are soldered 
to these. The suspensions are connected as near to the centres as possible, 
so that the final balancing (which must be carefully carried out) can be 
done by slight bending of the tags. 

The suspension consists of two pieces of 10/^, 18 ct. gold wire, about 
4 cm. in all. The total resistance is about 40 ohms. The gold naturally shows 
a certain amount of hyster^^is, but if readings are taken in one direction 
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onlj this disappears after the initial deflexion. For critical damping with 
thermopiles of rather high resistance the magnetic field must be as strong 
as possible, and a cobalt steel magnet is used. With the number of turns 
given above and a period of 0-2 sec., the galvanometer can be damped, 
using a magnetic shunt, with external resistances from 0-90 ohms. With 
its internal resistance of 60 ohms and a thermopile of 90 ohms, critically 
damped, its sensitivity is as follows: 

Ampere sefnsitivity: 

1 mm. at 2| m. distance = 4-5 x 10“^ amp. 

Volt sensitivity: 

1 mm. at 2| m. distance = 6-7 x 10“’ V. 

A thermopile with 70 couples of constantan-manganin gives 2800 /iV 
(2-8 X IQ-^V) per 1° C., i.e. 4-2 mm. defiexion for 0*001° C. With photo¬ 
graphic records readable to 0*1 mm., this is sufficiently sensitive for most 
myothermic experiments. For single twitches rather more sensitivity is 
required, and a similar and rather better galvanometer, with somewhat 
longer period, is being constructed. 


Appendix II— ^The Analysis of a Galvanometer Record to 

DETERMINE THE CURRENT AS A FUNCTION OF THE TiME 

For simplicity assume that the galvanometer is critically damped and 
that its period on open circuit is T. Then its defiexion at time t after 
putting a constant current into it is 

y= 1000(1 

where a = 2njT and 1000 represents the final steady deflexion. A galvano¬ 
meter can be very accurately adjusted to critical damping and its period 
can be very accurately measured. A large-scale diagram has been con¬ 
structed in which y, calculated from the above formula, is plotted against oct 
From this, y can be read off at any required values of t, for any value of a. 

Exumple of Analysis —^A dead muscle on a thermopile was instan¬ 
taneously’’ heated by a condenser discharge, 0*7/^F, 315 V. The muscle 
bemg of about 5000 ohms the heating occurred at a decreasing exponential 
rate with time constant 1*75 msec. It was desired to analyse the time- 
course of the e.m.f. of the thermocouple, i.e. to determine the rise of 
temperature of its hot junctions, in units of 0*04 sec. 
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The period being T = 0-2205 sec., a = ^njT = 28-5. The calculated de¬ 
flexion of the galvanometer to a constant current, read off firom the chart 
at intervals of 0-04 sec., is given in Table V. 

Table V —Calcolated Deelesion op Galvanombteb, to Constant 
Ctjekent, POE T — 0-2205 sec. 

Time (units of 01 23456 789 

0‘04 sec.) 

Deflexion 0 315 664 855 942 977 992 997 999 1000 

The observed deflexion when the muscle was ""instantaneously” 
warmed, and the analysis obtained by subtracting successive fractions of 
the set of numbers in Table V, are given in Table VI. This particular 
experiment i^that referred to in connexion with fig. 2 above. The thermo¬ 
pile was a very thick one and its temperature rise was slow: the deflexion, 
however, was quicker than that from a thm thermopile on which is a 
muscle contracting at 0"^ C. 


Table VI —Analysis 


Time (units of 0 

0-04 sec.) 

Deflexion to be 0 

anal3?sed 

Subtract 0*013 at 0 
„ 0*073 at 1 

„ 0*137 at 2 

„ 0*089 at 3 

„ 0*085 at 4 

„ 0*065 at 5 

„ 0*060 at 6 

„ 0*048 at 7 

„ 0*040 at 8 

„ 0*036 at 9 

Current in interval 


OF Galvanometeb 

THE CuEREKT 
1 2 3 4 5 

4 32 102 193 285 


Deflexion to give 

6 7 8 9 10 
366 438 499 549 595 


181 

272 

353 

425 

486 

536 

582 

119 

203 

282 

353 

413 

463 

509 

28 

86 

153 

219 

277 

327 

372 

0 

27 

77 

135 

190 

239 

283 


0 

20 

62 

110 

156 

199 



0 

19 

55 

95 

136 




0 

15 

45 

79 





0 

12 

38 






0 

11 


0 

0*013 0*086 0-223 0*312 0-397 0*462 0*522 0*570 0*610 0*646 — 


The mean current in each interval was obtained by adding the quantiti^ given 
in the left-hand coluron, up to and including the interval considered. 


The ""remainders” in Table VI are all zero, and the analysis allows 
no discretion. Fig. 2 shows the result to be reasonably smooth. Thus 
a galvanometer of period 0*22 sec. is sufficiently rapid to allow a 
determinate analysis of the current to be made in units of 0*04 sec. This 
is about the shortest interval for which even the quickest thermopile 
would 3 deld significant results. 
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Choice of Galvanometer —^For analysing in units of 0*1 sec. we want the 
deflexion of the galvanometer 0-1 sec. after puttiug a constant current 
into it to be as great as possible. For a given galvanometer coil, adjusted 
to critical damping for a given external resistance by adjustmg the magnetic 
field, the sensitivity is proportional to (see Hill 1934 ). For Table VII 
the deflexion is calculated at 0-1 sec. for a series of different periods of the 
same galvanometer coil. The greatest deflexion at 0-1 sec. is for a period 
of about 1-0 sec. Siuce, however, it is required to make photographic 
rea>rds on a drum of limited size, it is better to use a quicker and so less 
sensitive galvanometer, so long as the deflexion at 0-1 sec. is not too much 
redu(^. A good compromise would be to use a galvanometer of period 
about I sec., which would give good deflexions at 0-1 sec. and not too 
large deflexions later. 


Table VII— ^DsFLEXioiirs (to Cois-stakt CuREEisrT) at 0-1 sec. for a 
Series of Galvanoiojters, all with the same Coil bttt of 
Differeet Periods, set to Critical Damping by Adjusting the 
Magnetic Field, for the same External Resistance 


Cc«nplete period (sec.) 
ai at sec. 

Deflexion at yV (ftaction 
of maximum) 

Deflexion at sec, (absolute) 


2 1 0-5 0-4 0-333 0*25 0-15 

0-314 0-628 1-256 1-570 1-884 2-513 4-19 

0-040 0-131 0-358 0-465 0-561 0-716 0-921 

905 1054 985 940 863 716 429 


Appendix III— The Constetjction oe Thin Thermopiles 

FOB MyOTHEEMIO EXPERIMENTS 

By a. C. Downing 

The wire u^d in the elements of these thermopiles is 42 s.w.g. (O-IO mm.) 
ooDstantan-manganin. Constantan-iron provides a higher thermo-e.m.f. and 
a lower electrical resistance, but owing to the higher thermal conductivity 
of the iron the heat loss is greater. The junctions are made by hard 
soldering the wires end to end. They are then thoroughly cleaned and 
any excess of solder is removed by a small carborundum stick, after which 
they are rolled out with one rolling on jeweller’s rollers. After many trials 
15/1 was foimd to be the minim um thickness to which 42 s.w.g. wire could 
be rolled and stffl give a straight couple. Straightness is important since, 
for sensitivity, the maximum number of couples in a given space is aimed 
at, and if the wires are badly bent the final result is disappointing. 
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A thin piece of mica is obtained, also approximately thick, by 
flaking from a thick piece of the best quality sheet. Less than 15/^ does 
not give sufficient rigidity for mounting the wir^. The mica is moistened 
with the smallest possible amount of bakelite varnish, and the couples are 
laid on it, each being carefully fixed in position imder a low power binocular 
microscope. Soft solder is used for the cold junctions, which are 'Toaded” 
with a small piece of roUed copper or manganm (38 s.w.g.) to hinder their 
warming up by conduction. The best way to separate and solder th^e 
junctions is to thread a thin piece of mica through alternate pairs. In 
order further to hinder conduction to the cold Junctions the distance 
from hot to cold on either side is 10 mm.: a shorter distance diminishes 
the electrical resistance, but allows the cold junctions to warm too 
quickly. 

Bakelite varnish is now applied to the exposed surface of the thermopile 
and another 15/i piece of mica is laid on it so that the wires are sandwiched 
between them. This piece of mica is cut so that the upper surface of the 
cold junctions is left exposed. The element is left in the air to dry for 24 hr. 
To ensure perfect flatness and to make the element as thin as possible it 
is now pressed by a miniature vice between two plane parallel blocks: 
this squeezes out any excess of varnish and so makes good contact of the 
wires with the mica. The element, stiU held in the vice, is then baked at 
a temperature of 120° C. 

The element is now ready for mounting in its metal firame, which has 
already had many applications of bakelite varnish and has been heat- 
treated several times at 120° C. Plenty of varnish is spread on the frame, 
and the element is simply laid in position in this. After drying in air for 
several days the whole is heat-treated as before. Perfect alignment of 
the element is important, and if the instrument is baked too early, while 
much solvent is still present, the latter may bubble and force the element 
away from the frame. 

The galvanometer leads, which have been run down and fixed by 
bakelite varnish to the side of the frame, may now be connected. The 
upper surface of the cold junctions is still exposed, and is insulated and 
covered after the connexions have been made. Baking after this final 
insulation is not advised, for fear of bubbling, and the varnish should be 
allowed to air-dry for several days. The thinnest possible film of varnish 
rubbed over and into the mica seems to improve the insulation, and after 
a few weeks of drying the resistance between the thermopile and Ringer’s 
solution in which it is soaked may be hundreds of megohms. 
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Native and Denatured Muscle Proteins 

By E. C. Bate Smith 

From the Low Temperature Research Station, Cambridge 

(GommuniccOed by Sir Joseph Barcroft, F.B.S. — Received, 1 May 1937 ) 

Meyer and Weber (1933) have recently proposed the addition of a third 
protein to the accepted constituents of mt^cle plasma, von Fiirth’s myosin 
and myogen. The evidence for the existence of “Globulin Z”, as it is 
tentatively named, is based on the examination of the precipitates formed 
during the dialysis of muscle press-juice and salt extracts. The salt-soluble 
fraction of the precipitate from muscle juice differs httle from myosin 
in its isoelectric point, but it differs widely in its solubility in salt solutions 
and in the low viscosity of such solutions and their freedom from stream 
anisotropy. 

The clean separation of the muscle protein fractions is rendered difficult 
by the readiness with which certain of them undergo denaturation. Not 
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only does the formation of denatnration products multiply the number 
of individual substances present in press-juice and extracts, but the pro¬ 
ducts themselves, although insoluble, form refractory suspensions which 
interfere with centrifugation and filtration. The object of the present work 
has been twofold: firstly, to ensure that denaturation products or complexes 
formed between native and denatured protein have not been mistaken 
for new native proteins; and secondly, to investigate the possibility of 
preparing cleanly separated fractions for the purpose of chemical and 
physico-chemical studies. The assurance of a pure preparation is particularly 
desirable in the case of myosin, which is at the present time receiving much 
attention in view of its importance in the physiology of muscular contrac¬ 
tion. 

As a result of this investigation, the separate existence of globulin X 
is confirmed. In addition, evidence of the existence of a fourth native 
protein has been found and it has been isolated in a denatured form. 
This protein has the properties of an albumin and wiU be referred to as 
myoalbumin. It differs from myogen in its low isoelectric point, in its 
solubility at high salt concentrations, and in its behaviour when treated 
with dilute acids. With regard to the clean separation of the various 
fractions, there is every reason to believe that myosin as ordinarily pre¬ 
pared consists of a single native protein species. Myogen cannot be separated 
from myoalbumin in the native state, but the denatured proteins can be 
fairly readily separated. Globulin X is the most difficult individual fraction 
to prepare owing to the tendency of denatured proteins to disperse in its 
solutions. The most important differences between the four fractions are 
summarized in a table on p. 149. 

For the purpose of differentiation the following properties were taken 
into accoimt: 

( 1 ) Isoelectric point. 

( 2 ) Solubility in water. 

{Z) Solubility in aqueous solutions of salts: viscosity and stream aniso¬ 
tropy of solutions. 

(4) Solubility in dilute acids; pH at which reprecipitation occurs; 

solubility of reprecipitated protein. 

(5) Character of precipitates. 

Isoelectric points were determined by the cataphoretic method, using 
0-01 M potassium phthalate or phosphate buffers in the apparatus d^cribed 
by Dummett and Bowden ( 1933 ). Most of the substances examined were 
insoluble m the buffer solution, and were prepared for cataphoresis by 
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grinding in a mortar with a little of the buffer solution. Soluble fractions 
were either heat-coagulated and similarly treated, or the protein was 
adsorbed on quartz particles of suitable dimensions (cf. Abramson 1929 ). 
Observations were made at several different levels in the capillary tube; 
it was usually not possible to determine the absolute velocity owing to 
the rapid rate of fall of the particles. In no case, however, was there 
observed a difference in direction of movement at different levels. By 
qualitative observation it was usually possible to determine the isoelectric 
point to within ± 0*2 and, in the best circumstances, to within 
±0d jpH. 


PbEPARATION op MyOOEN AKB DETECTION OF MyOALBITMIN 

The musculature of a rabbit was perfused with ice-cold 1 % sodium 
chloride ®>lution via the thoracic aorta until the fluid issuing from an 
indmon in the right auricle was almost colourless. The longissimus dorsi 
and hind-limb muscles were cut out, minced, and ground with washed sand. 
After standing for 1 hr. at room temperature the mass was pressed through 
well-washed filter-cloth in a strong press and the juice centrifuged and 
filtered. It was then dialysed to a conductivity equal to that of a 0*0005 M 
sodium chloride solution. During the dialysis a bulky precipitate settled 
out. This was centrifuged off. The clear supernatant liquid so obtained 
should consist of a solution of myogen free from myosin and other globulins, 
but containing small amounts of myoglobin and metamyoglobin and any 
unidentified water-soluble protein. 

Denaturatim of the Albumins 

Dialysed muscle serum has a between 5*8 and 6*2. When allowed to 
stand either at room temperature or at zero a precipitate slowly forms. 
As Knn ( 1932 ^) shown, the formation of this precipitate is accelerated 
by the addition of salt, and still more by the further addition of acid. 
Addition of acid in the absence of salt causes no precipitation, but on 
neutr a li z i n g a precipitate is immediately formed indicating that denatura- 
tion has taken place without flocculation. The precipitate has an isoelectric 
point at pH 6-3—6*7 and is largely if not entirely denatured myogen 
(cf. Weber). It is almost completely insoluble between pH 5*8 and 7*6, 
and if salt is present the zone of insolubility widens until, when more than 
0*5 M potassium chloride is present, flocculation occurs on the acid side 
even at pH 2. 
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Wlien an equal volume of N/lOO hydrocMoiie acid is added to the 
dialysed serum and the solution is neutralized, most of the protein is 
precipitated in the denatured form. When the solution in acid, which has 
a pH betw^n 3 and 4, is kept at room temperature, or if it is heated to 
100 '^, further amounts of protein are denatured (still without appreciable 
flocculation), but a fairly constant residue of 10-15 % of the protein remains 
in solution after neutralization. This fraction has an isoelectric point at 
4-4-5-2, and when it is kept at any pH between 2 and 7 a precipitate is 
very slowly formed, part or all of which is insoluble in acid. This insoluble 
fraction is colourless and has an isoelectric point at 3-0-3-5, widely different 
from that of myogen, myosin (pH 5-5), globulin X (5-2), and the blood- 
serum proteins (4-7-5-5). None of these fractions when similarly kept 
forms a precipitate insoluble in dilute acid. The precipitate consists, there¬ 
fore, of the denatured form of a hitherto undescribed fraction of the muscle 
proteins, the myoalbumin previously referred to. 

The denatured myogen which separates on neutralization is practically 
free from myoalbumin, since no precipitate forms when it is redissolved 
in acid and kept for many days at pH 2-4. The isoelectric point of this 
myogen is pH 6-5-6-7. The slightly lower values which have previously 
been recorded and which are obtained when dialysed muscle juice is 
examined without further fractionation (Weber 1925 ) are probably due 
to admixture with myoalbumin. 

It has not been found possible to separate myoalbumin in the native 
state completely from myogen by treatment with acid,* although prepara¬ 
tions richer in myoalbumin than the original muscle serum can be made. 
Firstly, by fractional precipitation with ammonium sulphate; the fraction 
separating at shghtly more than half saturation gave 11 % of soluble 
residue after acidification to pH 2 and neutralization; that separating at 
complete saturation (actually the whole of the remaining protein) gave 
22-5 % of residual soluble protein. The isoelectric points of these residues 
(4-5-5*0) indicated that they still consisted of mixtures of myogen and 
myoalbumin, but the high content of undenatured protein in the second 
fraction must be taken to indicate a higher myoalbumin content. By 
fractional heat coagulation of the residual soluble protein from another 
preparation it was possible to show that myoalbumin has a higher heat- 
coagulation temperature than myogen. The solution was placed in a test 
tube in a water-bath, the temperature of which was slowly raised. Heat 

* As Anson and Mirsky have shown, there is in such circumstances an equilibrium 
between native and denatured protein so that denaturation of myogen would not 
proceed to completion. 
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coagulation began at 48°, and at 55° a marked coagulum had appeared. 
This was jSltered, and the filtrate was heated successively to 62-5, 72, 80 
and 90°. At each stage the precipitate was collected and washed. The 
first sample was isoelectric at 5*1, that separating between 72 and 80°, 
at 4*7, and that between 80 and 90°, at 4*55. None of these fractions was 
either pure myogen or myoalbumin, but those coagulating at the higher 
temperatures were undoubtedly richer in myoalbumin. Weber ( 1927 ) had 
rightly suspected the existence of this second albumin from the fact that 
a small amount of protein remains uncoagulated when muscle juice is 
heated to 70°. 

The amount of myoalbumin present in muscle juice is difficult to assess 
accurately, since it is impossible to determine how much myogen is 
associated with it in the soluble residual fraction. It can, however, scarcely 
amount to more than 10 % of the total albumin of the juice. 


Muscle Globuupsts 

According to Edsall ( 193 ^) **muscle globulin” (myosin)us prepared by 
suspending the minced, perfused muscles in a buffered solution of potassium 
chloride, stirring, filtering, and diluting the clear sol with twenty times 
its volume of distilled water. The final concentration of salt is approximately 
0-07 M with respect to potassium chloride. The precipitated globulin is 
oentrifoged, and for purification is taken up in salt solution and reprecipi¬ 
tated either by salting out with concentrated potassium phosphate or by 
dilution. Edsall recommends that these processes be carried out alter¬ 
nately, The properties of myosin, so prepared, have been described by 
Weber ( 1925 ), EdsaU and von Muralt ( 1930 ), Smith ( 1934 a), Astbury and 
Dickinson ( 1935 ), etc. Briefly, it is characterized by an isoelectric point 
at about pH 5-5; between pH 5 and 8 , in the absence of salt, it exists in 
the form of an opalescent gelatinous mass which is thixotropic, and its 
highly viscous solutions exhibit anomalous viscosity and strong stream 
anisotropy. It has well-defined solubility relations depending on salt and 
hydrogen-ion concentration. It is capable of being drawn into strong 
threads winch give a characteristic X-ray diffraction pattern which changes 
on stretching in a manner similar to that of keratin. 

Denaturation of Myosin 

f of Treatment with Acid —^When treated with dilute mineral 

acid, m the absence of salt, myosin dissolves at a pH slightly below its 
isoelectric point, and is scarcely changed in properties when the solution 
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is neutralized. The reprecipitated protein disperses completely in salt 
solutions, the form of the solubility curve being identical with that of the 
unti^ted myosin. Although its solution in acid no longer shows stream 
anisotropy this property is recovered after neutralization and dissolution 
in salt.* 

b—Effect of Temperature of Storage —When kept in the cold, myosin does 
not denature, but if the temperature is raised slightly above room tempera¬ 
ture, the protein gradually loses its solubility in salt solutions. Fig. 1 


00 01 02 0*5 04 05 06 



Fio. 1 —^Effect of keeping for 24 hr. at pR 6*7 (A) at 25° and (B) at 30° on the solu¬ 
bility curve of myosin. The “dispeirsing concentration” (compare Smith 1934 a) 
is little changed in the former case, but is increased in the latter, and in each the 
thr^hold concentration is much increased. C shows the solubility curve of myosin 
from rigor muscle; it is identical with that from fresh muscle. 


shows the effect of keeping the salt-firee protein for 24 hr. at 25 and 30'^. 
(A small insoluble coagulum is also gradually formed in this temperature 
range.) At 40-45° the protein rapidly coagulate. The gradual shift of the 
solubility curve to the left probably indicates the existence of intermediate 
stages between the native and the heat (xjagulated protein. 

* Strong stream anisotropy was observed in a preparation washed thoroughly 
fme from salt, acidified to pH 3 with N/10 hydrochloric acid, neutralized with N/10 
sodium hydroxide, and redissolved by addition of solid pota^ium chloride, althoxigh 
Muralt and Edsall report that this property is lost by treatment of myosin with acid. 
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Solubility of Myosin in Dilute Salt Solutions 

The previous study of the solubility of myosiu was concerned primarily 
with salt concentrations equal to or greater than that of its natural environ¬ 
ment. The interest in the present work lies in its behaviour in dilute salt 
solutions such as diluted muscle extracts or dialysed press-juice. 

The solubility curve of myosin with increasing salt concentration is 
characterized by two points of inflexion: that at which the solubility 
suddenly begins to rise with great rapidity, and that at which the whole 
of the myosin present is dispersed. Between these two points the relation 
between salt concentration and percentage dispersion is a straight line, 
which, if extrapolated, cuts the base line at a point corresponding to nil 
dispersion. The salt concentration at this point was termed the threshold 
concentration. At 6*0 the threshold for potassium chloride is 0*4 M, 
at 6*5, 0*25 M, and at 7*0, 1*7 M. For several-times precipitated myosin 
suspended in potassium chloride solutions this threshold has a real existence, 
but in certain circumstances the solubility curve departs from the straight 
line and curves away towards zero. One such circumstance is the presence 
in the myosin solution of inorganic phosphates, and the protein prepared 
by Edsall s method retams sufficient phosphate even after repeated 
washing with distilled water to allow appreciable dispersion in highly 
diluted salt solutions. If the phosphate is still further attenuated by 
redissolving the myosin in 10 % potassium chloride and reprecipitating, 
the protein is found to be completely insoluble below the threshold con- 
centmtion of salt. The following experiments illustrate this effect of phos¬ 
phate. 

Twice-precipitated myosin, prepared as described above, was dissolved 
by adffition of potassium chloride to 1*4 M concentration, the pH. of the 
sol being 6*8. The sol was diluted with distilled water to 0*07 M potassium 
chloride and ahowed to stand at 0° for 18 hr. The precipitated myosin was 
centrifuged off, and the supernatant hquid was treated with an equal 
volume of 10 % trichloracetic acid. No perceptible precipitate was formed; 
in other words, the recovery was 100 %. (In similar circumstances, once- 
precipitated myosin constantly gives a recovery of 88 %.) 

The experiment was repeated with 1-6 M potassium phosphate atpH 6-45, 
recovery 80 %; with 1-4 M potassium phosphate aty)H 6-2, recovery 87 %; 
and TOth 1-4 M potassium chloride containing 0-06 M potassium phosphate 
at^H 7-0, recovery 89 %. Hence, at pH 7-0 as Httle as 0-003 M phosphate 
IS able to effect 11 % dispersion of myosin in presence of potassium chloride 
below the threshold concentration, and 0-07 M phosphate at as low a pH 
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as 6*2 will effect 13 % dispersion. Until, therefore, the phosphate present 
in muscle extracts is removed by repeated precipitation, myosin cannot be 
completely removed from solution by dilution. 

The globulin of Muscle Press-juice: Globulin X 

Potassium (0*13 M), phosphate {0-065 M) and lactate (0-05~0-lM) are 
the preponderating ions of muscle juice, which usually has a between 
5-8 and 6 - 2 . Although “in this range of pH the threshold concentration 
for potassium chloride (and presumably also for potassium lactate) is 
0-3-0-4 M it might be expected that the phosphate present would cause 
quite appreciable amounts of myosin to dissolve in the juice. When a 
typical sample of muscle juice is dialysed globulin amounting to about 
10 % of the protein present is precipitated but most of this, as Weber 
and Meyer showed, differs in important respects from myosin. 

The isoelectric point of the globulin is 5-0-5-2, not far removed from that 
of myosin which is at 5-3-5-5. Its solutions are less viscous, and show no 
stream anisotropy. When precipitated by dialysis, the globulin sediments 
rapidly, whereas myosin forms a slowly setthng opalescent cloud; and 
when centrifuged it packs into a tight pad, whereas myosin cannot be 
closely packed but remains in the form of a loose gel-like suspension. If 
the pH is not above 6-4, globulin X, like myosin, can be precipitated by 
dilution of its sol in 10 % potassium chloride or 7 % lithium chloride. 
By twenty-fold dilution at pH 6 - 0 - 6-2 the recovery is 60-80 %, whilst that 
of once-precipitated myosin is about 90 %. 

These differences might conceivably be the result of alteration of myosin 
during the long process of dialysis, or they might be due to the formation 
of an intimate mixture of myosin with denatured albumins. The distinction 
between this globulin and myosin is, however, conclusively proved by 
the difference in their behaviour when treated with dilute acid. Globulin X 
readily dissolves in acid and when neutralized to pH 5 it is reprecipitated, 
but unlike myosin the reprecipitated protein is completely insoluble in 
salt solutions, and is therefore denatured. The final proof that the globulin 
of muscle juice is almost entirely free from myosin is furnished by the 
following quantitative experiment based on this distinction between the 
two proteins. 

The dialysis precipitate from muscle jui(^ prepared as previously 
described was washed free from albumin with distilled water. It was then 
suspended in 7 % lithium chloride, centrifuged, and the supernatant 
liquid dialysed to 0-02 M salt. The precipitated globulin was washed, taken 
up in 0*1 N hydrochloric acid, allowed to stand overnight, neutralized 
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to pH 5-3, centrifuged, and taken up in buffered 10 % potassiuru chloride 
at pH 7. Only 5 % of the protein passed into solution. This represents the 
limit of the myosin content of the globulin precipitate. 

Denaturation on Keeping 

Globulin X resembles myogen in the ease with which it is denatured 
by dilute acids; like myogen, it also denatures when allowed to stand in. 
a neutral medium, either at room temperature or in the cold, and in these 
circumstances the denatured protein coagulates. A clear sol of globulin X 
can seldom be prepared, since part of the flocculated protein is peptised 
by the dissolved native protein, and cannot be separated by filtering or 
centrifuging. For this reason it is difficult to determine accurately either 
the rate of denaturation in different circumstances, or the solubility 
relations of globulin X in salt solutions. With regard to the latter, two 
observations have been made. 

1 — ^At the pH of muscle juice (5*8~6-2) globulin X is partially precipi¬ 
tated by twentyfold dilution of its solution in 1*6 M lithium chloride or 
1-8 M potassium chloride, about 20-30 % of the protein remaining in 
solution. 

2 — At the pH of the Edsall extract of muscle ( 6 ‘ 9 —7*3) the protein is not 
precipitated by twentyfold dilution of its solution in 1*4 M potassium 
chloride. Unless, therefore, it forms an adsorption complex with myosin, 
the latter protein as normally prepared must be free from globulin X. 
In actual fact, no globulin X can be detected by the hydrochloric acid 
reaction either in the myosm as a whole or in any of the fractions obtained 
by fractionation with salt solutions. For instance, the 10-12 % of protein 
rema in i ng in Elution after dilution of a sol of once-precipitated myosin 
in potassium chloride-phosphate contains no detectable trace of globulin X. 
It must therefore be concluded that myosin as normally prepared is 
completely free from globulin X. 

QtuirUitative aspects 

1 Disifibutwn of the solvJble proteins in muscle, 

A scheme for the approximate determination of the then recognized 
protein constituents of muscle was published some years ago (Smith 
19346 ). In so far as myosin is concerned, little revision of this scheme is 
necessa^. The maxim^ yield of native protein is achieved by exhaustive 
extraction with 7 % lithium chloride solution. By twentyfold dilution of 
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this extract, 88 ± 2 % of the myosia, free from other eonstituente, is 
precipitated. 

It remains to determine the distribution of globulin X and albumins in 
the solution remaining after removal of this precipitate and the constitution 
of the acid-soluble residue of the intracellular proteins not extracted by 
lithium chloride. 

a — Non-myosin fraction of lithium chloride extract —^The supernatant 
solution and washings from the myosin precipitation were dialysed to 
0-004 M salt concentration. No further precipitate formed when dialysis 
was continued. The soluble proteins remaining therefore represented the 
albumin fraction. The precipitated protein was washed on the centrifuge 
and was found to be soluble without residue in 10 % potassium chloride. 
It therefore contained no denatured myogen. After removal of salt by 
dialysis, the protein was treated with N /10 hydrochloric acid at room tem¬ 
perature for 3 hr. The solution was neutralized and treated with 10 % 
potassium chloride. The protein which dissolved—about 50 % of the 
whole—^was roughly equal to the calculated remnant of myosin. The in¬ 
soluble fraction therefore represented the globulin X present in the extract. 

Further extraction of the muscle residue with hydrochloric acid indicated 
that the Hthiiim chloride extract had contained 82-5 % of the total intra¬ 
cellular protein, and the above analysis yielded the following results (in 
percentage of total intracellular protein): 

Myosin . 63 % 

Globulin X ... .. 9% 

Myogen and Myoalbumin ... 10 % 

b — Residual intraceUular frcLCtion — ^The 17-5 % of protein remaining after 
exhaustive extraction with lithium chloride appears to consist mainly 
of denatured globulin X, The evidence for this rests on the following 
experiment. 

Five-gram samples of muscle, after exhaustive extraction with lithium 
chloride solution, were washed twice with water and were then extracted 
several times with N/lOO hydrochloric acid. When the hydrochloric acid 
extract was carefully neutralized, the whole of the protein was precipitated 
below pH 5-5, indicating that myogen, which remains in solution in th^ 
circumstances until at least pH 5-8 is reached, formed only a small part 
of the precipitate. The precipitate was suspended in 10 % potassium 
chloride at pH 7. It was found that 25 % of the protein dissolved. This 
represents approximately the myosin content of the residual protein, the 
remaining 75 % being, therefore, mainly globulin X. 



146 


E. C. Bate Smith 


Accepting this estimate of the composition of the residual fraction, the 
complete analysis of the soluble proteins would be as follows: myosin 
67-68 %, globulin X 20-22 %, myogen and myoalbumin 10-12 %. 

2 — DietrUnAicm, of proteins in musde press-juice. 

The press-jui<» from muscle normally contains from 1 - 0 - 1-3 % of protein 
N. When the Juice is dialysed to 0-0004 M salt concentration a fairly constant 
fraction—about 20 %—of the nitrogen is precipitated, and of this again 
a fairly constant fraction—about half—is soluble in Edsall’s solution and 
consists entirely of globuliu X. The insoluble fraction is mainly denatured 
myc^en and globuliu X, and is usually almost completely soluble m N/lOO 
hydrochloric acid. The small iusoluble residue is denatured myoalbumin, 
iK)electric at pH. < 4. The native myoalbumin constitutes 10 % of the total 
albumin. The distribution of these fractions in the Juice is, therefore (as 
percentage of total protein): 


Myogen ... 75-80 % 

Myoalbumin ... 6-7 % 

Globulin X ... 16-17 % 

Myoglobin ... Trace 


In whole muscle the ratio of globulin X to myogen is at least 2 : 1 . 
At ihe j)H at which the Juice is expressed—5-8-6-2—most of this globulin 
is therefore undissolved. It seems quite likely, however, that in Kving 
mnsde at pH 7-S-7-5 the whole of the globulin X would be soluble in 
^ Juice, since pH has considerable effect on the solubility of this fraction 
m dilute salt solutions. Myogen, myoalbumin and X would then provide 
a serious medium—^the sarcoplasm—^surrounding the myosin fibrils (of. 
Weber 1934 ). The absence of myosin from muscle press-juice suggests that 
ibe surfaces of the fibrils are differently constituted from the interior 
sm<» there is, in rigor Juice, ample phosphate to disperse as much as 10 % 
of the myosin present were the two systems intimately in contact Weber’s 
pictiTO of the myosin and myogen systems as anatomically distinct is 
therelore, m all probability, correct. ’ 


At the pH at which the Juice is normally expressed, the sarcoplasm would 
^re^nt about 30 % of the weight of muscle. This value is calculated 
from the average myogen content of the Juice and of the whole muscle 


Average coagulable N of Juice 
Approximate myogen 
Average soluble protein N of muscle 
Approximate myogen 


= 1-26% 
= 1 - 0 % 
= 2-9 0 /^ 
= 0-3 % 
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Assuming the juice to contain the whole of the muscle myogen 

Weight of juice ^ ^ ^ o/ 

Weight of muscle 1-0 

The relative volumes of sarcoplasm and fibrils would be expected to vary 
with variation in so that this affords little indication of the conditions 
in living muscle. The probable tendency would be for the fibril to shrink 
as the reaction becomes more acid; it would therefore occupy a relatively 
greater volume in living muscle than in rigor muscle. 


Denaturation in situ 

The reaction and salt concentration of the sarcoplasm of muscle in rigor 
are favourable to the denaturation of myogen and globulin X, but, so 
long as the temperature is kept below about 15 ^^, the denaturation of myosin 
should be extremely slow. In the literature, surprisingly high values are 
found for the loss of solubility of the proteins in the first few hours post 
mortem. As was pointed out in earlier papers, no evidence of such a rapid 
denaturation could be found, and considerable fiirther work has failed to 
produce a single instance of so rapid a change. 

To hinder bacterial decomposition, in recent experiments the minced 
muscle has been stored in an atmosphere containing fiO-100 % of carbon 
dioxide. The presence of this gas is unlikely to have any fiirther effect than 
its anti-bacterial action since the shift in pH of muscle juice due to satura¬ 
tion with carbon dioxide is only 0-Z. The effect of periods of storage at 
various temperatures on the amount of protein extractable from rabbits’ 
muscle with 7 % lithium chloride is illustrated in the following table: 


Experiment 


Temperature of 
storage ° C. 


Duration 


% decrease in 
soluble protein 


1 0 , 10 , 20 

33 

2 30*5 

3-5 0 


24 hr. nil 

24 „ 30 

24 „ 39 % 

3 weeks 8, 10, 8 % 


* Some bacterial decomposition took place in this instance. 


These and similar results publish^ elsewhere (Smith 39346 ) show con¬ 
clusively that when mammalian muscle passes into rigor mortis no decrease 
in the total protein extractable with 7 % liCi solution takes place. 

This conclusion is, however, difficult to reconcile with the recent work 
of Deuticke (1930), amply confirmed by Meyer and Weber (3933), and 
by Mirsky (1936). Deuticke fomd that the amount of protein dissolved 
from fi^ogs’ and rabbits’ muscle in rigor by an aqueous solution containing 
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4-56 g. of potassium dihydxogen phosphate and 4- 86 g. of disodium hydrogen 
phosphate in 100 e.c. was notably less than that dissolved from fresh 
muscle. In similar experiments of Meyer and Weber this decrease was shown 
to be due to a decrease of 72 % in the amount of myosin extracted. Mirsky 
found that whereas 67-6 % of the protein was dissolved from frog’s muscles 
immediately after death, only 38-8 % was dissolved from the muscles of 
frogs injected with iodoacetic acid and kept at 8 ° C. overnight. There are 
certain differences in procedure which may serve as a basis for explanation 
of th^ apparently contradictory results. 

1 — Gonditiom of extraction —^Deuticke ( 1930 ) and Hensay ( 1930 ) make it 
quite clear that the effect could only be brought out by the use of a limited 
type of extractant solution. If, for instance, sodium acetate buffers were 
used, more protein dissolved from stored muscle than from fresh muscle. 
The effect diminished also if less concentrated phosphate solutions, or more 
acid or more alkahne solutions, were used. Further, the extraction was not 
exhaustive; the finely divided muscle was suspended in a single large 
volume of solution, and allowed to stand overnight with occasional mixing. 
The results quoted above (p. 147) were obtained by extracting 6-9 times, 
giving 95-98 % of the total extractable protein. 

2 — ^Mirsky, who used 10 % KQ-phosphate (cf. p. 140) as an extractant, 
induced rigor by injection of sodium iodoacetate. 

MecJuinism of Denaturation and Coagulation 

In common with the denaturation produced by other agencies, Anson 
and Mirsky have shown that denaturation with acid usually results in the 
formation of active SH groups. The denaturation of myogen in muscle 
press-juice is probably a form of acid denaturation since it is rapidly 
accelerated by increase in, and is retarded by decrease in, hydrogen-ion 
concentration (Finn 1932 ). If myosin were similarly denatured in rigor 
muscle in which a pH as low as 5-5 may be reached, it would be expected 
that active SH groups would appear in proportion to the amount of in¬ 
soluble protems formed. Mirsky, however, finds no detectable increase 
in the number of active SH groups in rigor, as compared with fresh muscle, 
and concludes that the coagulation which occurs is of a type peculiar to 
myosin and allied to that brought about by dehydration. 

In the light of the experiments described above, it seems, however, 
more reasonable to conclude that this is confirmatory evidence that myosin 
is not denatured or coagulated in muscle as it passes into rigor. The evidence 
of change in “^lubility” is, actually, evidence only of a change in the 
accessibility of myosin to the extracting salt solution. It has been suggested 
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in an earlier paper (Smitli 19346 ) that the efl&ciency of an extractant is deter¬ 
mined not only by its ability to dissolve myosin, but also by its effect on 
the membranes supporting and more or less enclosing the fibrils. No 
investigator has yet succeeded in extracting the whole of the soluble 
protein jfrom muscle with an aqueous solution of a neutral salt, although 
this can readily be done with dilute acid. It is significant that, although 
myosin is quite appreciably soluble in aqueous solutions of similar con¬ 
stitution to muscle serum, scarcely any trace of myosin can be found in 
the juice produced by simple expression. The only reasonable conclusion 
is that the myosin fibrils are surrounded by membranes (or effective 
barriers) of insoluble material, and that it is the permeability of these 
membranes with respect to a given extractant which primarily determines 
the extent to which protein dissolves. It follows that the difference 
observed between fresh and rigor muscle are not necessarily due to denatura- 
tion and coagulation of the contents of the fibrils but are, more probably, 
due to changes in the membranes which must be suppeed to surround the 
fibrils. 


Summary 

1 — ^The existence of globulin X, first isolated by Meyer and Weber, 
is confirmed, and some of the properties of a new fraction, myoalbumin, 
are described. 

2 — ^Xhe four soluble proteins are differentiated by their isoelectric points, 
by their solubility in water and aqueous salt solutions and by their 
behaviour when rapidly acidified with dilute mineral acid and neutralized. 
The most outstanding difference are summarized in the following table: 


Solubility of protein 

Before treatment After treatment with acid 



Isoelectric 

In 

In salt 

In 

In salt 


point 

water 

solutions 

water 

solutions 

Myogen 

6-5-6-7 

+ 

+ 

0 

0 

Myoalbmnm 

3'0-3-5 

+ 

+ 

+ 

+ 

Myosia 

5*5 

0 

+ 

0 

+ 

Globulin X 

5*2 

0 


0 

0 


3 — ^Myoalbumin slowly denatures at all values of pH between 2 and 7, 
the product beir^ insoluble in dilute acid (distinction firom myogen). 

4— Myosin in complete absence of salt is unaffected by dilute acid. It 
will even regain the property of double refraction of flow when neutralized 
and redissolved in a salt solution. 
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appreciable change in protein solubility occurs when muscle 
mortis- The contradictory evidence on this point is 
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The Menstrual Cycle of the Primates 


XII-The Interaction of Ovarian Hormones 
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[Plat^ 7, 8] 
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uterine bleeding would occur at approximately 4 -weeMy intervals in 
ovariectomked rhesus monkeys treated with both oestrin and progestin. 
The information obtained in this study is complementary to observations 
that deal with the mechanism of anovular cycles (Zuckerman 1937a, 6), 
and helps to provide a basis for the full interpretation of the menstrual 
cycle. 


Matebial A3sjy Methods 

Details about the spayed rhesus monkeys {Macaca mulatta) used in this 
study are given in a previous paper (Zuckerman 1937a), where the reactions 
of the animals to varied conditions of oestrogenic stimulation are described. 

Injections were given daily and intramuscularly. The oestrogenic sub¬ 
stance used was an oil solution of crystalline oestrone. The luteal hormone 
employed was either a commercial extract of corpora lutea (progestin), 
assayed in rabbit units, or a solution of crystalline progesterone in oil. The 
progestin was obtained &om British Drug Houses Ltd., whose rabbit unit 
is approximately equivalent to 0*60 mg. free progesterone; from the Leo 
Company, whose unit is equivalent to 1*0 mg. of free progesterone; and from 
Organon Ltd., whose unit is also approximately equivalent to 1*0 mg. of 
progesterone, 

I 

Expeeimental 

(a) The Effect of Progestin administered alone 

A spayed monkey ( 186 - 1 ) was given 2 R.U. progestin ( = 2mg. proges¬ 
terone) daily for 14 days. Uterine bleeding did not occur either during or 
after this course of injections, a fact which agrees with the view that progestin 
has little or no effect on an endometrium that has not been previously acted 
on by oestrin (see Hisaw and Leonard 1930). Hisaw {1935) reports that 
oestrin-free progestin will cause slight growth in both the stromal and 
epithelial tissues of the endometrium of castrated rhesus monkeys, but he 
does not record the occurrence of uterine bleeding either during or after 
such treatment. 

Bleeding will occur if a single dose of oestrone is given during a course 
of progestin injections. Thus a second and similar series of progestin in¬ 
jections was given to the same monkey referred to above ( 186 - 2 ). On the 
sixth day of the experiment the animal was also given 2000 1 .U. of eostrone. 
Uterine bleeding began 4 days after the last injection of progestin, and 
lasted 3 days. 
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Explanation of figs, 1, 2, 3, 4 and 11 

The hatched and the unshaded areas indicate the duration and degree of oestrogenic 
and luteal stimulation r^pectively. The small black rectangular areas indicate 
phases of uterine bleeding. The diagrams are not drawn to scale. The maximum daily 
dose of oestrone in the first 14 days is in all cases to be taken as 3000 I.U. 

Fia. 1 —The uterine bleeding that normally occurs about a week after the cessation 
of iniections of oestrin can be inhibited by the administration of progestin. Bleeding 
b^ins a few days after the progestin treatment is stopped. 

Fig. 2 —^This bleeding is not inhibited if injections of oestrone are restarted after the 
end of the prog^in treatment. 

Fig. 3-—The administration of progestin for periods of from 10 to 12 days during the 
second phase of an “artificial cycle”, when oestrogenic stimulation is at a threshold 
level, neither hastens nor significantly retarck the time of uterine bleeding. 

Fig. 4—^Uterine bleeding will occur in such experiments when the level of oestrogenic 
stimulation is well above the threshold value, provided that the amount (by weight) 
of progesterone given is about 100 or more times that of the oestrone administered 
during the same period. 

Fig. 11 —^The continued administration of a sufficient amount of progestin will 
inhibit the uterine bleeding that would normally occur in the second phase ^of an 
“artificial cycle” in which an animal is being injected daily with a subthreshold dose 
of oestrin. 
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(b) The Inhibition of Oestrin-Withdrawal Bleeding by Progestin 

It has been found that the uterine bleeding which normally follows the 
cessation of a series of oestrin injections can be inhibited by the administra- 
tion of progestin; the bleeding does not occur until the progestin injections 
are stopped (fig. 1 ; see Smith and Engle 1932 ; Hisaw 1935 ; Engle, Smith and 
Shelesnyak 1935 ). On the other hand, the bleeding that occurs after 
the progestin injections are stopped cannot be inhibited by the further 
administration of oestrone. Thus a castrated monkey (70*7) was given 
oestrone in increasing amounts up to 2000 I.JD'. daily for 14 days (total 
amount injected = 2*05 mg.). From the 15th to 26th days inclusive it was 
given 2 R.U. progestin ( = 2 mg. progesterone) daily. From the 27th day 
onwards it was given 500 I.TJ. of oestrone daily. Bleeding set in on the 
29th day of the experiment, in spite of the restarting of oestrone injections 
(fig. 2 ). Similar results have been obtained both by Engle and others ( 1935 ) 
and by Hisaw ( 1935 ), and they suggest that once the stimulus that has 
produced progestational changes in the uterus is withdrawn, oestrone 
cannot prevent the consequent usual breakdown of the endometrium. 

(c) The Simidtaneous Administration of Oestrin and Progestin 

The observations reported both in the preceding and in the first part of 
this series of papers (Zuckerman 1930 , 19376 ) show that the intensity of 
oestrogenic stimulation diminishes abruptly about the naiddle of the 
menstrual cycle, and that it falls to some point within a low and fairly fixed 
threshold range, the faU coinciding with ovulation and the end of the 
follicular phase. Luteal stimulation of the endometrium is thus normafiy 
confined to the post-ovulation phase (second half) of the cycle, and is 
presumably superimposed on a low level of oestrogenic stimulation. The 
following experiments were devised to throw light on the nature of the 
interaction of oestrogenic and luteal hormones in this phase of the cycle. 

Ovariectomized rhesus monkeys were first injected daily for 14 days with 
increasing amounts of oestrone, the maximum dose given varying in 
different experiments from 1000 to 3000 I.U. daily. The first part of the 
experiment thus simulated the follicular phase of normal menstrual cycles. 
From the 15th day to the end of each experiment both oestrin and progestin 
wrere given daily in various combinations. Experiments ended when uterine 
bleeding took place. If no bleeding occurred during the course of injections, 
treatment was stopped on the 41st day and the animals were not injected 
again until after the occurrence of post-injection bleeding. Such experi¬ 
ments are indicated in Table I by the figures 40..or 40 -}- 5 or 6 , depending 
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on the niHuber of days intervening between the cessation of injections and 
the onset of utoine bleeding. Details of ten experiments are given in 
Table I.* In order to interpret them, it is necessary to compare them with 
parallel experiments in which no progestin was given, but in which the daily 
d<mge of oestrone varied in the same way. The results of such control 
experiments are given in the last column of the table. Full details of these 
control experiments are given in the preceding part of this series of papers. 

It win be seen that the administration of progestin did not materially 
affect the time of uterine bleeding in Exps. 1 and 2 . Bleeding in both experi¬ 
ments presumably resulted i^om the cessation of luteal stimulation as well 
as from the low level of oestrogenic stimulation (fig. 3). Moreover, it is 
conceivable that the effective value of both hormones was reduced by 
ttteir simultaneous administration and consequent antagonistic interaction 
{Hisaw and Leonard 1930 ; Leonard, Hisaw and Fevold 1932 ; and see below). 
In Exp. 3 , on the other hand, an animal bled after the cessation of progestin 
teeatment in spite of the fact that it was stiU being injected daily with an 
amount of oestrone which in a previous experiment had maintained the 
endometrium in a phase of growth. A similar result is demonstrated more 
conclusively by Exps. 4, 5 and 8 . In no. 4 a monkey bled while it “was being 
injected daily with 3001.U. of oestrone, and after 12 days’ previous treat¬ 
ment during which this amount of oestrone was given daily in conjunction 
with mg. of progesterone. This animal did not bleed in a control experiment 
in which corresponding amounts of oestrone had been given alone. In no. 5 , 
a monkey bled during the course of injections of 5001.U. of oestrone daily, 
and after a period of 12 days in which this amount of oestrone was given 
daily in conjunction with 10 mg. of progesterone. A daily dose of 500 I.U. 
of oestrone is well above the oestrone-threshold for uterine bleeding in 
Acsus monkeys. Moreover, as Exps. 6 and 7 show, uterine bleeding wiU not 
occur in similar experiments in which 500 I.U. of oestrone are given daily if 
the ratio of progestin to oestrin during the period in which the two hormones 
are given together is too low, Exp. 8 is even more conclusive than those 
which precede it, for in this experiment an animal bled while being injected 
daily with 1000 I.U. of oestrone, after a 12 -day period in which the same 
amount of o^trone was given daily in conjunction with 20 mg. of proges¬ 
terone (fig. 4). 

The first po^bility that arises in the interpretation of these results is 
that the effective value of oestrin is considerably diminished when it is 
given in combination with progestin, and that the uterine bleeding which 

* Preliminary notes have been published about some of these experiments (Zucker- 
inan 1936 , 1937 c). 
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occurred in these experiments after the progestin injections were stopped 
may have been ‘‘oestrin-withdrawal bleeding”. The processes leading to 
oestrin-withdrawal bleeding cannot be checked by the further administra¬ 
tion of oestrin if a subthr^hold level of oestrogenic stimulation has existed 
for more than a few days (Zuckerman 1937 a). The second possibility is that 
the endometrial effects of luteal stimulation dominated those of oestrogenic 
stimulation in the present experiments. In this connexion it must be 
remembered that once the luteal stimulus that produces progestationa,! 
changes is withdrawn, oestrone apparently cannot inhibit the consequent 
occurrence of uterine bleeding. 

Progestational endometrial changes do in fact occur in certain circum¬ 
stances during courses of treatment in which both oestrin and progestin 
are given together. Thus figs. 5 and 6 (Plate 7) show such changes in the 
uterus of an ovariectomized monkey, OM. 26, that was given both hormones. 
During the first 14 days of the experiment the animal was given oestrone 
in increasing amounts up to 30001.U. daily. From the 15th to the 25th day, 
when it was autopsied, it was given 1501.U. and 1 R.U. of progestin (= 1 mg. 
progesterone) daily. The photomicrographs reveal the characteristic signs 
of progestational endometrial change. The epithelium is tall, and the glands 
are becoming dilated, coiled and sacculated. A more advanced phase of 
progestational change is shown in figs. 7 and 8 (Plates 8 and 7), which 
illustrate the condition of the endometrium of a monkey (106-5) that was 
given both o^trone and progestin for a longer period (for details see below). 
In both these animals the effects of the luteal hormone dominated those 
of the oestrone that was simrdtaneously administered, and had uterine 
bleeding been allowed to occur in these two animals, as in Exps. 3,4, 5 and 8 
of Table I, it would necessarily have had to be ascribed to the second and 
not to the fimt of the two possible explanations considered above. 

On the other hand, figs. 9 and 10 (Plates 7 and 8) suggest that the uterine 
bleeding which occurs after the simultaneous administration of oestrin and 
progestin may be ''oestrin-withdrawal” bleeding. The photomicrographs 
illustrate the endometrium of the monkey used in Exp. 4, the animal having 
been autopsied on the first day of bleeding. Although they are somewhat 
dilated, the glands are in general typical of the '‘interval” condition, and 
the picture of uterine bleeding provided is that of bleeding from an 
“interval” endometrium. The amount of progesterone which this animal 
received was far in excess of that normally required to transform an endo¬ 
metrium from the interval to the progestational type, and the fact that it 
w^as unable to do so in this instance, suggests that the hormone was rendered 
ineffective by its interaction with the oestrone that was being injected at 
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the same time.* Similarly the fact that ^^oestrirL-withdrawar’ bleeding 
occurred (if it may be called that in view of the histological evidence) in 
spite of the daily administration of an amount of oestrone that is normally 
sufScient to maintam the endometrium in a phase of growth, suggests that 
the effective value of the oestrone was also greatly reduced. The following 
conclusions are therefore suggested by the experiments already considered: 

(а) Progestational changes will occur in the endometrium when o^trin 
and progestin are given together (after a preliminary period of treatment in 
which oestrin is given alone), if the ratio of progestin to oestrm is sufficiently 
high. 

( б ) If the ratio is too low, progestational changes will not occur even 
though the absolute amount of progestin administered would be sufficient 
to produce these changes in other circumstances. In such cases, the phase 
of ^'intervar’ endometrial growth will be maintained only if the relative 
degree of oestrogenic stimulation remains above the threshold value for 
such stimulation. 

(c) If progestational changes are produced, uterine bleeding will occur 
after the cessation of progestin injections in spite of the continued daily 
administration of a suprathreshold dose of oestrin. 

(d) Bleeding will also occur when progestational changes have not been 
produced if the effective value of the oestrm that is given daily has been 
reduced to a subthreshold level through interaction with the luteal hormone. 
If the effective value is not reduced in this way (Exps. 6 and 7), bleeding 
will not occur. 

Further light is thrown on these interactions by Exps. 9, 10 and 11, in 
which the period over which progestin was administered extended from the 
15th day to the end of the experiment. Exp. 9 shows that the, bleeding 
which would otherwise occur when an animal is injected daily with a sub- 
threshold dose of oestrone may be inhibited if progestin is continuously 
administered in sufficient amounts (fig. 11). Figs. 7 and 8 (Plates 8 and 7) 
illustrate the condition of the endometrium in the animal used in this 
experiment at the end of the 26-day period in which progestin was given in 
conjunction with a subthreshold dose of oestrone. Progestational change 
are very advanced, and fig. 8 reveals very clearly the characteristic fraying 
of the “progestational epithelium” that results from the dissolving out of 

* Hisaw, Fevold and Meyer (1930) also found that if oestrm is given in ‘‘large 
amoiints’* at the same time as progestin, the effects of the luteal hormone are 
inhibited. Later, however, Hisaw (1935) reported that progestin can act on the 
primate endometrium in the prince of “large amounts” of oestrin. 
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glycogen during the process of staining (Campbell, Lendrum and Sevring- 
haus 1936). Exp. 10, on the other hand, shows that an inadequate daily 
amount of progestin will not prevent the occurrence of uterine bleeding 
when an animal is being injected daily with a threshold dose of oestrone. 

It may be assumed that the amount of oestrone necessary to inhibit the 
endometrial effects of progesterone will vary from animal to animal and 
from time to time as the oestrone (and possibly the progesterone) threshold 
vari^. Any attempt to define a quantitative ratio between the two hormones 
is further complicated by the fact that the inhibiting action is reciprocal, 
and that prog^terone also reduce the effectiveness of oestrone. In Exp. 4 
a large amount of progesterone was rendered ineffective by l/ 170 thits weight 
of o^trone, whose potency in turn was diminished by its interaction with 
the progesterone. In Exp. 10, progesterone in the approximate ratio of 
60 parts to 1 part of oestrone faded to inhibit uterine bleeding that resulted 
from a lack of oestrogenic stimulation. On the other hand, progesterone in 
the ratio of 100:1 proved dominant in Exp. 3 , and a ratio of 200; 1 was 
similarly effective in Exps. 5 and 8. 

Leonard and others (1932) report that 10 R.U. of oestrin will inhibit the 
endometrial effects of 1 R.U. of progestin in rabbits, and AUen and Meyer 
(1935) write that the same amount of progestin i nh ibits the oornifying 
effectsof SR.U.of oestrin on the vagina of rats. More recently Robson (1936) 
has found that the effects of progesterone on the rabbit uterus are com¬ 
pletely inhibited by l/ 75 th of its weight of oestrone and that oestrone will 
also inhibit slightly in a ratio of 1 to 300 . The observations on monkeys 
reported above are thus in keeping with these findings on non-primate 
mammals. 


Discussion 

The gonadotropic hormones of the pituitary influence the endometrium 
indirectly by way of the ovaries, and so far as is known the endometrial cycle 
is under the direct control of the gonadal secretions. Consequently, if the 
basis of reproductive periodicity and of the cyclical changes in the ovary 
are excluded from the immediate problem, it becomes necessary to explain 
the endometrial changes of the menstrual cycle m terms of the interaction 
of ovarian hormones. It was pointed out in the preceding part of this series 
of papers (Zuckerman 1937^) fhat the wave of oestrogenic stimulation 
follows the same course in anovular menstrual cycles as in cycles in which 
ovulation occurs. Experimental data were presented there which showed 
that uterine bleeding can be made to occur in ovariectomized rhesus mon¬ 
keys at approximately 4 -weekly intervals if the animals are injected daily 
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with oestrone in amounts that vary relatively according to the phases of the 
normal sexual-skin cycle in animals which display that character in a clear 
and stable way, i.e. if oestrone is administered in increasing amounts for 
14 days, and if the amount is then reduced to a thr^hold level. Since 
uterine bleeding occurs in normal animals at regular menstrual intervals 
whether or not ovulation takes place, such a wave of oestrogenic stimulation 
must be regarded as the basic mechanism of the endometrial cycle. The 
experiments reported in the present paper show that a phase of luteal 
activity can be superimposed upon a threshold level of oestrogenic 
stimulation without aJBEecting the periodicity of uterine bleeding. It is 
therefore suggested that a corresponding interaction of ovarian hormones 
underlies the changes that occur in the luteal phase of normal menstrual 
cycles. 

In such cycles the corpus luteum degenerates, and progestational stimula¬ 
tion ceases, a few days before menstruation sets in. If, as fig. 11 shows (Exp. 9 , 
Table I), the progestational stimulus is prolonged, uterine bleeding is 
inhibited. This finding parallels Corner’s observation (1935; also Corner and 
Allen 1936) that the continuous daily administration of 1 mg. of progesterone 
to rhesus monkeys wiH inhibit normal menstrual bleeding. Other experi¬ 
ments reported above show that progestin and oestrin must be perfectly 
balanced quantitatively for normal progestational changes to take place 
and for uterine bleeding to occxnr at 4 -weekly intervals. 

The hormone relations represented in fig. 3 , according to which o^tro- 
genic stimulation is succeeded by a ten or twelve-day period in which luteal 
and threshold oestrogenic stimulation are combined, thus reveal a mech¬ 
anism of ovarian-hormone interaction which satisfies the conditions that 
are to a large extent defined by the normal endometrial cycle. This experi¬ 
mental finding bears out the interpretation of the menstrual cycle that 
was suggested in the first pairb of this series of papers (Zuckerman 1930) 
on the basis of observational data: “the follicular phase of the primate 
cycle, though its main effects occur in the earlier half, is prolonged over the 
entire cycle, and pseudo-pregnant growth is superimposed upon a persisting 
pro-oestrous endometrium”. Two modifications of this hypothesis which 
are suggested by recent experimental work do not affect the main fesue. 
The first is that the threshold level of oestrogenic stimulation in the second 
half of the cycle may be effectively lowered as a result of the action of the 
luteal secretions. The second is that the thr^hold for o^trogenic stimulation 
of the uterus varies cyclically (Zuckerman 19376, c; probably as a result 
of changes, controlled by the adrenal cortex, in its water metabolism, Long 
and Zuckerman 1937}, and that the level of stimulation not improbably 
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suffers a further fall at the end of each cycle because of a rise in the endo¬ 
metrial oestrin threshold. Figs. 12A, B, which are based on the findings 
reported both in the present and in the preceding part of this series of papers, 
aUow for this possibiKty, and give a diagrammatic representation of the 
endocrine interactions that appear to underlie (a) the endometrial changes 
in anovular menstrual cycles and (b) the endometrial changes of cycles in 
which ovulation occurs. 




12—Diagrammatic representation of tlie phases of the primate menstrual cycle. 
Unbroken line: the variation in the degree of oestrogenic stimulation. Broken line: 
variation in the degree of luteal stimulation. Base line: oestrin threshold. A, cycle 
in which ovulation do^ not occur; B, cycle in which ovulation occms. 

My best thanks are due to Dr. A. S. Parkes, F.R.S., both for his interest 
and for providing the first supplies of progestin used in this study. For 
further supplies of progestin I am greatly indebted to Dr. Macbeth and 
Dr. Tausk of Organon, Ltd., and to Dr. Schoeller of Sobering, Ltd. I wish 
also to acknowledge gratefully the help of Mr. A. N. Guthkeleh in the 
giving of injections. The monkeys were bought with the aid of a grant 
from the Medical Research Council. 

Summary 

1. If oestrone is injected daily for 14 days into an ovariectomized rhesus 
monkey in increasing amounts (e.g. up to 30001 .U. daily), and if the daily 
dose is then lowered to some point within the threshold range (e.g. 100 1 .U.), 
uterine bleeding will occur about the 28 th day of the experiment. The time 
of bleedmg is not significantly affected if progestin is administered daily 
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during the first 10 or 12 days of the period in which the animal is being 
injected with a threshold dose of oestrone. * 

2. Even if the level to which the oestrone is lowered on the 15 th day is 
above the threshold range, progestational changes will occur in the endo¬ 
metrium if the ratio of progestin to oestrin is sufficiently high. If the ratio 
is too low, progestational changes will not occur, even though the amount 
of progestin administered would be sufficient to produce these changes in 
other circumstances. 

3. If progestational changes are produced, uterine bleeding will occur 
after the cessation of progestin injections even though the amount of 
oestrone administered daily is well above the threshold level. 

4. Bleeding will also occur when progestational changes have not been 
produced if the effective value of the oestrone given daily has been reduced 
to a subthreshold level through interaction with the luteal hormone. If 
the effective value is not reduced in this way, bleeding will not occur, 

5. These findings provide an experimental demonstration of an hypo¬ 
thesis of the menstrual cycle that was put forward in the fiirst part of this 
series of papers on the basis of observational data. 
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Desoeiptioi? of Plates 7 and 8 

Fig 5 —Endometrium of OM, 26. The a ni mal was first injected for 14 days with 
increasing amounts of oestrone (up to 3000 I.U. daily). Itoing each of tto 
succeeding 10 days it was given 150 I.XJ. of o^trone and 1 R.XJ. of pirog^tin. 
The mucosa is in an early progestational condition. The glands are dilated, 
sacculated and coiled, x 13. 
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6 — OM. 26. A higher-power view of some of the uterine glands, x 80. 

7— ^Endometrium of Oil. 106. After 14 days’ treatment with oestrone alone, 
thm monkey was given IJ R.XJ. of prog^tin and 50 I.U. of oestrone daily for 
26 days. The mucosa is in an advanced progestational condition, x 82. 

Fia. 8—OM. 106, High-power view, showing characteristic iB^aying of glandular 
epithelium of progestational endometrium due to dissolving-out of glycogen 
during the process of staining, x 370. 

Fig. 9—^Endometrium of OM. 64. Details about the treatment this animal received 
are given in Table I, Exp. 4, and on p. 157. Uterine bleeding is taking place from 
an interval endometrium in spite of the fact that the animal had been injected 
daily for 12 days with 5 mg. of progesterone. The effects of the progesterone 
were inhibited by the simultaneous daily administration of 300 I.U. of 
oestrone. x 11. 

Fig. 10—OM. 64. High power view, showing the disorganization of the endometrium 
and the characteristic interval glands, x 89. 
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I—^iNTEODTJCnON 

One of the features of the Arthropoda is the possession of a stiff outer 
covering of chitin secreted by the epidermis. This enter covering is cast 
periodically, and it is a characteristic of the group that increase in size takes 
place immediately after eodysis or moulting of the old skin. During this 
period the new skin is soft and extensible. 

In many of the higher Crustacea, this chitinous covering is hardened by 
the deposition in it of calcium salts, chiefly the carbonate and phosphate, 
thus forming a protective exoskeleton. Under this term are included the 
endophragmal skeleton and the partially (Reified foregut. 
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The present work is a contribution to some aspects of the calcium meta¬ 
bolism of the shore crab, Carcinus rmmas^ which was used exclusively in the 
following researches. Investigation has been made of the moulting process, 
including the hardening of the soft new skin with calcium salts, and also 
of the permeability of the crab to the calcium ions of sea water. Apart 
from some isolated analyses of Irvine and Woodhead (1889), Schonbom 
(1912), and Hecht (1914), practically the only studies we have of calcium 
metabohsm in the Brachyura are the papers of Paul and Sharpe {1916) and 
Drach (1935). Bethe (1928) has done some experiments on the permeability 
of Carcinus to the ions of sea water. 


n—^M ethods 

For the permeability experiment, crabs were kept in different artificial 
sea waters. Artificial sea water of normal calcium content was made up 
from the data of Allen (1914) based on the analyses of Dittmar. By 
decreasing or increasing the amount of calcium chloride and adjusting the 
amount of sodium chloride correspondingly, sea waters were obtained with 
the same total concentration of salts but with different concentrations of 
calcium ions. Thus a 100% increase in the calcium concentration caused 
only a 4-5 % decrease in the sodium concentration. By keeping crabs in 
such sea waters, osmotic pressure changes are avoided as pointed out by 
Bethe. 

Blood was collected in a pipette through the arthrodial membrane at 
the bases of the legs. The cells were allowed to aggregate, and after centri¬ 
fugation the clear plasma was used for analysis. Calcium was determined 
on 1 or 2 c.c. of plasma by the micro-permanganate titration as used by 
Van Slyke and Sendroy (1929), and protein gravimetricaUy (Peters and Van 
Slyke 1932, p. 688), The method of Kirk and Moberg (1933) was used for 
the determination of calcium in sea water, but the precipitations were made 
with brom cresol green instead of brom cresol purple as indicator. Some 
estimations were also done on 2 c.c. samples by the micro-method as for 
blood but with two precipitations. Magnesium was determined by the 
method of Washburn and Shear (1932), and chloride by silver nitrate 
titration with potassium chromate as indicator. 

Greenberg and Gunther’s (1930) technique was used for the ultrafiltration 
experiments, but the membranes were made of pyroxylin. The plasma in 
the sacs was connected to a carbonate buffer solution of pH 7-6 of approxi¬ 
mately the same vapour pressure. 
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The secretion of the antennary gland was obtained by means of a glass 
cannula, and it was dry ashed to destroy interfering organic matter before 
estimation of its calcium content. 

In order to make clear any changes in the relative composition of the 
tfesnes of crate at different stages of the moult cycle, each specimen 
analysed was sepamted into three parts which were dried at 105° C., dry 
ashed, and analysed separately for calcium and phosphorus. The three 
parts were (1) the whole exoskeleton, (2) the hepatopancreas, and (3) all 
the other tissues including the blood, muscle, gonad, epidermis and dermis. 
The calcium was ^timated volumetrically after precipitation as the oxalate 
with brom cr^ol green as indicator, and filtration in the filter tubes of Kirk 
and Schmidt (1929). Embden’s (1921) gravimetric method was used for 
the phosphorus estimations, the factor being determined for different 
amounts of standard phosphate solutions. Carbonate was determined by 
gravimetric estimation of the carbon dioxide. Wet ashing of the integument 
with perchloric acid gave results identical with those obtained by the dry 
ashing method. 

The chemical methods were tested with known standard solutions and 
pure calcium carbonate, the avers^e deviation of results Jfrom the theoretical 
being 0-3 and 0-8 % for the macro- and micro-calcium methods respectively, 
and 0-5% for both the phosphorus and the carbonate methods. 

All the shore crate used for experiments or analyses were fairly large 
male specimens {with a few stated exceptions), which had been collected 
or trawled not more than 48 hours previously. The crabs were not fed 
during any of the experiments. 


III— ^The Peemeability of Carcinus maenas to 
THE Calcium Ions of Sea Watee 

That the boundary membranes of Carcintcs are permeable to the salts 
or constituent ions of sea water is at once suggested by the correspondence 
between the ionic composition of its blood and the surrounding sea water 
as shown by the analyses of Bethe. 

The possible permeability of Carcinus to calcium ions was investigated, 
the data in Table I being obtained by keeping crabs in sea waters in 
which the calcium concentration varied between 11-55 and 130*50 mg./lOO 
c.c. for a little more than a week. The crabs in each sea water were different 
specimens. Any permeability to calcium ions would cause a diffusion of ions 
across the boundary membranes, from a region of high concentration to one 
of lower concentration. Whether tlte had taken place or not was determined 
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by chemical analysis of the blood and the external sea water after definite 
intervals. EquiMbrium had apparently been estabfished at the end of the 
duration of the experiments. 

Table I—Calcium Values ik Blood akd ik Sea Watee 


mg.Ca/100c.c. 


Crab 1 

18*99 

26*27 

47*80 

61-08 

62*19 

109*56 

124*73 

2 

22*42 

25*09 

47*59 

69-87 

62*38 

94*28 

114*38 

3 

16*62 

33*78 

48*06 

65-83 

65*30 

89*34 

112*74 

4 

— 

— 

54*85 

54-28 

*59*88 

91*03 

116*20 

5 

— 

— 

— 

49-15 

60*09 

93*29 

— 

Av. 

19*34 

28*38 

49*58 

56-04 

61*97 

95*50 

117*01 

Sea water 

11*55 

19*09 

41*73 

44-24 

48*62 

86*90 

130-50 



Days 

Fig. 1 —Outward diffusion of calcium ions. Increase in calcium concentration of sea 
water, demonstrating loss from crabs in calcium-free sea water. (Corrected for 
evaporation and samples withdrawn.) 

In sea waters of normal calcium concentration (42 mg./lOO c.c.) and all 
the others except the one with the highest concentration, the blood calcium 
is kept at a higher level than the sea water calcium. The boundary membranes 
would appear to be permeable to calcium ions, since alteration of the 
external calcium concentration alters that of the blood correspondingly. 

When crabs were kept in calcium-free sea water, large amounts of calcium 
diffused into it, far larger amounts than could pc^ibly be present in the 
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blood. This was first observed by Betbe. Thus the sea waters above, which 
had finally values of 11*55 and 19*09 mg./lOO c.c., were initially calcium- 
free. Fig. 1 shows the amount of calcium which diffused into calcium-free 
sea water in the case of two crabs which were kept separately in 1 litre. The 
loss of calcium into the water, at fimt rapid, fell off, but equilibrium had not 
been attained even after 24 days in one case, during which 234 mg. had 
passed out from the crab. This large amount must have come from the 
tissues. 

Under normal conditions there is probably an equilibrium between the 
sea water, the blood and the tissues. In the above experiment this equi¬ 
librium has been disturbed, and calcium diffuses out from the blood into 
the calcium-free sea water. To compensate for the lowered calcium con¬ 
centration in the blood, calcium has been withdrawn from the tissues, and 
the two processes of outward diffusion and withdrawal of calcium will go 
on until a steady equilibrium is attamed. 


IV— The Diffusible CALcruM 

From dialysis and ultrafiltration experiments, it has been found possible 
to separate the calcium in the blood of vertebrates into two fractions, 
diffusible and non-diffusible. The non-diffusible calcium is supposed to be 
bound in some way to the colloids of the blood. 


Table II —^The Diffusible Calcium 



Frotein 


Calcium (mg./lOO c.c.) 


g./lOO c.c. 




Crab 

blood 

Sea water 

Blood 

Ultrafiltrate 

Hard 

7*92 

44*04 

62-77 

51*53 

Hard 

832 

44*04 

65*62 

54*17 

Hard 

1-58 

44*04 

48*44 

44*92 

Hard 

4-08 

44*04 

55*71 

47*34 

Hard 

5*22 

38*76 

48*37 

38*22. 

Hard 

5*04 

38-76 

45*83 

35*04 

Hard 

4*81 

38*76 

42*64 

37*39 

Hard 

6-67 

38-76 

46*28 

38*41 

Hard 

6*48 

35-62 

48*20 

40*13 

Hard 

6*00 

35-62 

44*91 

37*05 

Hard 

5-42 

35*62 

42*99 

36*30 

Soft 

1-71 

32-59 

21*27 

20*61 

Hard 

6*14 

30*81 

50*16 

4M7 

Soft 

0*82 

30*81 

35*13 

33*69 

Soft 

1*07 

30*81 

32-29 

30*03 

Soft 

1*08 

30*81 

33-10 

30*77 


% 

diffusible 

82 

83 

93 

85 

79 

76 

88 

83 

83 
82 

84 
97 
82 
96 
93 
93 
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The diffusible calcium in the blood of specimens of Carcinus maenas was 
determined using Greenberg and Gunther’s ultrafiltration technique, and 
determinations were also made of the protein content of the plasma and of 
the calcium content of the sea water in which the crabs were living 
(Table II). No correction has been made for the higher water content of 
the ultrafiltrate which is about 3 % higher than that of the blood plasma. 

It wiU be noticed that in the hard crabs the diffusible calcium amounts to 
about 83 % of the total calcium. The protein content of the blood of the 
postmoult crabs is relatively low, 0 * 82 - 1*71 g./lOO c.c., due to the dilu¬ 
tion of the blood with water at the moult. The diffusible calcium is 
correspondingly increased to about 95 %. It is rather attractive to su^^t 
that it is the diffusible calcium which is in eqm'librium or approximate 
equilibrium with the sea-water calcium, and that the ordinary higher value 
of calcium in the blood plasma as compared with the sea water is due to 
the non-diflfusible firaction bo\md to the colloids of the blood. There is yet, 
however, insufScient evidence to support this suggestion. 


V—^Level of CiXcixTM: in Blood and Antennary Gland Secretion 

It is possible that the antennary gland plays some part in controlling 
the ionic composition of the blood. In Table III the concentration of 
calcium in the antennary gland secretion has been compared with that of 


Table III— Calcium Values in Blood and 
Antennary Gland Secretion 


Sea water 

Blood 

Antennary gland 
secretion 

Difference % 

44-24 

61*08 

60-00 

- 1-8 

44-24 

59-87 

60-95 

-h 1-8 

44-24 

54-28 

61-85 

+ 13-9 

44*24 

49-15 

48*98 

- 0-3 

130-50 

124-73 

125-03 

+ 0-2 

130-50 

114-38 

114*71 

4- 0-3 

130-50 

112-74 

109-88 

- 2-5 

130-50 

116-20 ^ 

119-81 

+ 3-1 

11-55 

18-99 

21-23 

+ 11*8 

11-55 

22-42 

26*40 

+ 17-8 

11-55 

16-62 

18-92 

+ 13*8 


the blood plasma of the same specimens. In normal sea water its value is 
almost the same as the plasma value. In calcium-rich sea water the same 
is true, while in calcimn-poor sea water it is slightly higher. 
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Kcken’s (1936) work, there is evidence that the first stage in the 
fomation of the excretory fluid may be a simple filtration of the blood 
Ihe (fifFusible calcium is, however, only about 83 % of the total calcium of 
the plasma Smce the concentration of salts in the plasma and antennary 
gland secretion are very similar (Rcken), the high value of calcium in the 
^tion ^ compared with an ultrafiltrate cannot be due simply to a 
jth^wal of water. There would appear to be either an active seLtion 
thJh^T“ glfiid epithelium in addition to the filtration process, or 

£ ion exoh^ 


VI Calcium Balance Expeeimeots 

By keep:^ individual crabs in known volumes of sea water one can 
ascertain whether they are excreting or absorbing calcium. In the foUowins 
^^nmente each crab was kept in a glass vessel containing 1 fitm Tsef 
water which was aerated. At the end of the experiment (genially a weekl 

IT “ “■* *0 ae 

arx to compensate for the evaporation which had taken nlar.A r» 
the caleto 

of the water was 13—15° P T>i<a • j. ^ ^ temperature 

excreted. If it is assumed that the ^ n reduction in the amount 

Kcretion, and that no trausterence“f 

boundary membranes, and further that n i • across the 

nrey siand secretion is abon^ c c ^0^“^ 

excretionhasamountedtoO-6-2-8miriT • ’ ^ calculate that the 

which is equivalent to a flm'd secretion of’^^i-^o/tf 
per day. The assumptions may not be whollv i ^ 

to assume that most of the exerefTATi K ^ it seems reasonable 

^xperimenis witA soft postmmlt craTs thf ^ aatennary gland, 

crabs, calcium ions were absorbAii fivt’ +u ^ experiments with soft 
amounts, ^en onel^ciit tSch^“ T “ considerable 
ordinary sea water was transferred to 50°/ calcium from 

-e to absorb almost as muchr.:iT.S^ ^ ^hfidr dt^ ^ 
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Table IV—^CADcaxrM Balance ExPEBaMENTs 

Ca in sea water (mg.) 


Crab 

Weight 

g- 

Duration 

Initially 

Finally 

Excretion or 
absorption 

Hard 

89-61 

7 days 

414-3 

421-9 

Exer. 

8 

Hard 

89-80 

8 

403-7 

406-4 

Excr. 

3 

Hard 

60-74 

7 

414-3 

427-3 

Excr. 

13 

Hard 

60-88 

8 

403-7 

413-7 

Excr, 

10 

Hard 

67-70 

7 

414-3 

441*4 

Excr. 

27 

Hard 

67-79 

8 

403-7 

425-6 

Excr. 

22 

Hard 

71-17 

7 

387-6 

403-3 

Excr. 

16 

Hard 

71-95 

in 100% 
sea water 

7 

193-8 

203-7 

Excr. 

10 

Hard 

71-44 

in 50% 
sea water 

7 

193-8 

202-0 

Excr. 

8 

Soft 

56-28 

in 50% 
sea water 

7 

387-6 

324-3 

Abs. 

63 

Soft 

55-73 

in 100% 
sea water 

7 

193-8 

135-7 

Abs. 

58 

Soft 

55-67 

in 50% 
sea water 

7 

193-8 

127-3 

Abs. 

67 

Before and during 

30-12 

in 50% 
sea water 

67 hr. 

387-6 

382-1 

Abs. 

6 

moult ($) 

After moult 

38-40 

7 days 387-6 

316-3 

Abs. 

71 

After moult 

39-04 

7 

387-6 

332-6 

Abs. 

55 

Soft 

37-72 

7 

387-6 

349-6 

Abs. 

38 

Soft 

36-99 

7 

387-6. 

327-6 

Al^. 

60 

Soft 

52-41 

7 

387-6 

300-6 

Abs. 

87 

Soft 

52-26 

7 

387-6 

320-4 

Abs. 

67 

Hard 

112-59 

8 

148-9 

210-5 

Excr. 

62 

Hard 

113-30 

10 

1-7 

186-0 

Excr. 184 

Hard 

113-04 

14 

186-0 

235-8 

Excr. 

50 

Hard 

60-30 

8 

148-9 

* 196-3 

Exer, 

47 

Hard 

61-70 

10 

1-7 

120-0 

Excr. 118 

Hard 

62-93 

7 

120-0 

142-7 

Excr. 

23 

Hard 

94-90 

8 

797-3 

779-4 

Al®. 

18 

Hard 

95-15 

6 

779-4 

797-6 

Excr. 

18 

Hard 

71-00 

8 

797-3 

790-6 

Abs. 

7 

BCard 

70-16 

6 

790-6 

799-1 

Excr, 

9 
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stay in sea water of normal st^ngth. The remarkable fact that soft crabs 
are able to absorb calcium ions from sea water, while hard crabs are passing 
calcium into the water, must be due to quite different conditions in the 
body fluids of the two stages. 

Anal3?sis of the blood calcium concentration of soft crabs, including some 
of the specimens which had actually absorbed calcium, showed the significant 
fact that the value in the blood was generally lower than that of the sea 
water in which they had been living (Table V). This is in direct contrast to ^ 
the hard crabs, which (as shown in Table I) have blood calcium values 
higher than the surrounding sea water. In the soft crabs there are conditions 
for the inward diffusion of calcium from a region of high concentration, the 
sea water, to one of lower concentration, the blood. Since calcium is being 
continuously withdrawn from the blood to be deposited in the new integu¬ 
ment, this diffusion proems will not reach equilibrium, and further quantities 
of calcium will be absorbed. This ability to absorb calcium ions lasts for 
at least several weeks after eedysis. 

Table V—Calcitim: Valtjes m Blood of Soft Crabs 
» AND IN Sea Water 



Calcium (mg./lOO c.c.) 

Protein 

Crab 

. 

-- 

g./lOO c.c. 

Sea water 

Blood 

blood 

Yerj soft Gwridnus 

38-76 

32-20 

' — 

soft Oammts 

38-76 

33-17 

— 

Ye^ soft Cctreirms which had absorbed 

33-26 

24-20 

1-63 

60 Ca the previous week 

Very soft Caremua which had al^orbed 

32-69 

21-27 

1-71 

67 mg. Ca the previous week 

Soft in 50% water which had 

12-95 

19-19 

1-05 

absorbed 67 mg. Ca the previous week 

Hard Cardnus in 50 % sea water which had 

20-56 

34-10 

_ 


excreted 8 tog. Ca the previous week 

Experiments with cahium’-rick and cakium-free sea waters. In calcium-rich 
^ water (about 80 mg./lOO c.c.) during the first week small amounts of 
calcium were absorbed, but during the second week very similar quantities 
were excreted. Marked excretion of calcium into calcium-poor or calcium- 
free sea waters takes place. This has already been shown graphically (fig. 1). 


Vn--THE Absorption of Water at the Moult 

The increase in size of the decapod Crustacea during or immediately 
after the moult is due to a rapid intake of water. It has been thought that 



171 


Calcium Metabolism of the Shore Grab 

the water is absorbed through the gut, but it is more likely that it is 
absorbed through the general surface of the crab. The work of Baumberger 
and Dill (1928) and Baumberger and Olmsted (1928) makes it probable 
that the absorption is an osmotic phenomenon. 


Table VI —^Water Content of Carcinus 





% water, cast 


Weight 


skeleton 

Stage 

g* 

% water 

included 

Far from moult 

92-0 

67-9 

_ 

Premoult (?) 

49-7 

70-5 

— 

Average 

— 

69*2 

— 

Within 12 hr. after moult (?) 

20-0 

87-6 

82-7 

Week after moult 

87*9 

86*7 

81-1 

Over week after moult 

47*6 

87*4 

83-3 

Fortnight after moult 

64*9 

85-6 

80-4 

Fortnight after moult 

39*0 

88-0 

81-9 

Carapace not fully hard 

82*3 

86-4 

— 

Average 

— 

87-0 

81-9 


In Table VI are given the water contents of specimens of Carcinus mamas. 
If the cast integuments are included in the body weight of the soft crabs, 
the water contents are lowered somewhat. From these data one can calculate 
the average amount of water absorbed during the moult: 

’% Before moult After moult 

Water ‘ 69-2 81-9 

Dry weight 30*8 18*1 

Amount of water in crab of dry weight 30-8 g. after moult 

81-9 X 30-8 

18-1 

= 139-4 g. 

Therefore amount absorbed = ( 139 * 4 — 69 - 2 ) g. 

= 70*2 g. 

Thus a crab of fresh weight 50 g. absorbs about 35 g. water. 

The actual amount of water absorbed by two individuals was obtained 
by direct weighing before and after the moult (Table VII). There is good 
agreement between the amount absorbed and the calculated values. By 
analysing the sea water before and after the moult in the ca^ of the second 


Vol. CXXIV~B. 


N 
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Table VII— The Absoeptioh of Watbe 

Weight of water absorbed at motilt 

S* 

Weight of crab /— -" * 

g. By weighing By calculation 

30-12 22-57 21-14 

68-58 49-46 48-14 


crab, it was found that both chloride and calcium ions had been absorbed, 
but in slightly different proportions from those existing in the sea water 


(Table Vni). 


Table VIII— ^Absobption and Excretion of Ions 
AT AND near THE MOTJLT 


Excretion (mg.) Absorption (mg.) 


Weight of crab 
g- 

Period 

Ca 

Cl 

Ca 

Cl 

66-11-68-58 

1 week before moult 

40 

— 

— 

65 

86-53 

15 hr. during and 

— 

— 

26* 

986* 

88-49 

after moult 

2 days after moult 

—r- 

69 

61 

— 


* In 49-46 g. sea water there are 21 mg. Ca and 910 mg. Cl. 


Vni —^Resorption in the Integument before Ecdysis 

That there takes place some resorption of the mineral salts from the old 
int^ument before it is cast has long been known. It is evident that it must 
take place especially along the lin^ where the carapace splits apart from 
the rest of the skeleton. But Baumberger and Olmsted (1928) and Drach 
(1935) have found that much of the oi^anic matter is also withdrawn. 

An approximate measure of the amount of resorption can be obtained by 
cximparing the weight and composition of a complete cast skeleton with the 
complete skeleton of an intermoult crab of identical size. 

The data in Table IX show that there is a loss in weight of 39 % due to 
resorption of organic matter and salts. From the analyses it can be calcu¬ 
lated that 79 % of the organic matter and about 18 % of the mineral salts 
have been withdrawn from the cast exoskeleton. Of the salts 24 % of the 
calcium, 21% of the magnesium, 20% of the carbonate, 37% of the 
inorganic phosphate, and 74 % of the organic phosphorus have been 
resorbed. The latter has obviously been withdrawn with the organic matter. 
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T a b le IX —^Resorption ns* the Inteotjment 
Complete exoskeletons, carapace width 3-8 cm* 

Hard skeleton. Cast skeleton 


Dry weight 

3-0954 g. 

1-9006 g. 

% loss in weight 

— 

38-6 

Inorganic P 

0-86 mg./lOO mg. 

0-88 mg./lOO rug. 

Total P 

1-13 

1-00 

Ca 

23-49 

29*19 

Mg 

1-08 

1-38 

CO 2 

25-19 

32-65 

Approximately: 
CaCOg 

52-87 

68-58 

Ca3(P04)2 

4-30 

4-40 

MgCOg 

3-74 

4-78 

Organic P 

0-27 

0-12 

Organic Ca 

0-41 

0-14 

Total 

61-59 

78-02 

Total salts 

66-23 

88-61 

1000 mg. 

614 mg. 

y338 mg. organic matter 
hard skeleton<r 

^662 mg. mineral salts 

gives 

y 70 mg. oiganic matter 
. cast skeleton^ 

^544 mg. mineral salts 


Most of the phosphorus and some of the calcium are probably stored in 
the soft tissues of the crab to be used afterwards for the substance of the 
new skeleton. It would also seem that considerable quantities of the 
resorbed calcium are excreted, since it was found (Table VIII) that a crab 
during the week previous to ecdysis had excreted 40 mg. calcium, an amount 
much larger than has been found to be excreted by intermoult hard crabs. 
Relatively much more phosphorus than calcium is withdrawn, and con¬ 
sequently the Ca : P ratio of 14 - 21 * : 1 in the normal skeleton increase to 
22-33 :1 in the cast skeleton (Table X). In general, the smaller the crab the 
less phosphorus it has in its integument. Table X also brings out the fact that 
before inorganic salts are deposited in the new skin there is present about 
1 % of calcium and phosphorus probably mainly in organic combination. 
Within 12 hours of moulting carbonate has been deposited in the new skin 
and the percentage of calcium doubled. Prom this point, the phosphorus 
content increases and then falls off again, while the amount of calcium 
increases and the integument gradually hardens. 

* The figure 21 is obtained firom Table IX. 
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Table X—Analyses of the Exosebleton 


Mg./lOO mg. 


Stage 

Ca 

P 

Ca/P 

Far fiom moult 

24-5 

1-46 

17 

Fax from moult 

(21-7 

1-39 

16) 

Early premoult, new skin 

M 

1*02 

1 

Within 12 hr. after moult 

2*4 

1*09 

2 

Within 24 hr. after moult 

(4*6 

1*26 

4) 

Moulted week 

8-0 

1*74 

5 

Moulted over week 

9*2 

1*23 

7 

Moulted fortnight 

7*9 

2*40 

3 

Moulted fortnight 

13-4 

3*35 

4 

Moulted several weeks 

16-6 

0*95 

17' 

Eariy premoult, old skin 

25*5 

1*76 

14 

Cast skeleton 

28*0 

1*29 

22 

Cast skeleton 

28*2 

1*05 

27 

Cast skeleton 

30*8 

1*38 

22 

Cast skeleton 

30*5 

0*92 

33 

Cast skeleton 

28*3 

1*17 

24 

Cast skeleton 

(27*4 

1*22 

22 ) 


( ) signifies analysis of skeleton minus legs. 


IX— ^The Stoeage of Calcium and Phosphorus in the Soft Tissues 

Paiil aoid Sharpe (1916) have shown that there is a marked storage of 
calcium phosphate in the hepatopancreas of Cancer j^agurus before the 
moult. After ecdysis the store is apparently used to harden the new 
exoskeleton. 

In Table XI are given calcium and phosphorus analyses of the whole 
hej^topancreas and other soft tissues including the blood of a series of 
specimens of Carcinus maenas at different stages of the moult cycle. There 
is even more marked storage of these elements in Carcinus than in Cancer. 

Table XI— ^The Storage of Calcium and Phosphorus 


Hepatopancreas Other soft tissues 

mg./lOO mg. mg./lOO mg. 


Stage 

Ca 

P 

Ca/P 

Ca 

P 

Ca/P 

Far from moult 

9*82 

7*34 

1*3 

1*17 

1*12 

1*0 

Far from moult 

9*08 

6*43 

1*4 

_ 



Early premoult 

12*10 

8*27 

1*5 

1*24 

1*09 

1-1 

Within 12 hr. after moult 

2*92 

3*68 

0*8 

0*55 

0*88 

0*6 

Within 24 hr. after moult 

4*85 

5*87 

0-8 

_ 



Moulted week 

0-98 

5*47 

0*2 

0*45 

0*97 

0*5 

Moulted over week 

4*55 

8*80 

0*5 

0*62 

1*06 

0*6 

Moulted fortnight 

5*94 

4*89 

1*2 

0*59 

0*95 

0*6 

Moulted fortnight 

4*85 

6*55 

0*7 

0*97 

0*94 

1*0 

Moulted several weeks 

0*36 

3*67 

0*1 

1*08 

0*79 

1*4 
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In the hepatopancreas the percentage of calcium reach^ 9-12 % and falls 
after the moult to 0-4 %. The phosphorus values change correspondingly. 
About 70 % of the total phosphorus in the hepatopancreas of an ordinary 
hard crab is in inorganic combination, and it is this inorganic phc^phorus 
which decreases after the moult. Histologically, it is present as spherule, 
probably chiefly of calcium phosphate, which stain black with silver nitrate. 
The calcium content of the other soft tissues also falls immediately after 
the moult, but rises again to its normal value of about 1 % of the dry weight 
in a few weeks. 

There can be no doubt that the stores of calcium salts in the tissue are 
used to harden the soft new integument, since calcification proceeds simul¬ 
taneously with the depletion of the calcium reserves. 


X— ^ThE HABDElSnKG OF THE IotEGHMENT 

K the amount of calcium withdrawn from sea water by a newly moulted 
crab is determined for a certain period, and at the end of that period the 
tissues of the crab are analysed, one can calculate approximately the relative 
amounts of calcium which have come from the sea water and from the stored 
salts in the tissues. 


Crab A: 88 g., analysed 1 week after moulting 
Crab B: 65 g., analysed 2 weeks after moulting 


Soiorce 

Available from hepatopancreas 
Available from the other soft tissues 
Approximate amoxmt in integument prior to calcification 
Absorbed from sea water 
Total 

Actual amount in integument 


Calcium in mg. 


Crab A 

CrabB 

139 

70 

47 

28 

15 

12 

187 

172 

388 

282 

354 

309 


The ""available” calcium is the amount contributed by a tissue to the 
new integument, and is calculated for the hepatopancreas of crab A as 
follows: 

% calcium in gland of premoult crab 12*10 

Amount of calcium in gland of crab 1 week after moult = 12* 25 mg. 

- 0 * 98 % 


Approximate amount of calciumin gland before moult ^ 


12 - 25 x 12*10 
0-98 


mg. 


= 151*25 mg. 

= { 151 * 25 - 12 * 25 ) mg. 
= 139*0 mg. 


Available calcium 
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Tlie figure for the soft tissues is calculated in tlie same manner, knowing 
that the amount of calcium present after the week was 27*05 mg. = 0*45 %, 
and that the % of calcium in the tissues of a premoult crab is 1 * 24 . 

The agreement between the calculated amount of calcium present in the 
int^ument and the actual amount found by analysis is fair, considering 
the possible source of error involved in the calculation. In the case of 
crab A, the amount available from the hepatopancreas may have been 
over^timated. One would expect both the calculated results to be low, 
since immediately after the moult the amount of organic matter particularly 
glycogen in the hepatopancreas and muscles decreases (Smith, 19135 Hoet 
and Kerridge, 1926), raising the calcium as percentage of the dry weight 
and lowering the calculated available amount. 

The data show that over 50 % of the calcium in the new integument was 
absorbed from the sea water, the remainder coming from the stores in the 
tissues. The hepatopancreas supplied about twice as much calcium as the 
other soft tissues. 

In accordance with present theory (Robison and Rosenheim, 1934), the 
enzyme phosphatase is believed to play a significant part in the calcification 
of bone. Norris and Rao {1935) and Engel and Chao (1935) have found this 
enzyme in the tissue and nerves of some invertebrates including the 
arachnid lAmvlus. The present writer has as yet been unable to find any 
phosphatase activity in extracts of the integuments of hard crabs or those 
in the process of calcification. While in bone there is about twice as much 
calcium as phosphorus, in the Oardnus exoskeleton there is 14-21 times as 
much calcium as phosphorus. This fact makes it improbable that any 
phosphatase mechanism is concerned in calcification in the shore crab. 

The carbonate radical probably comes partly from the metabolic carbon 
dioxide of the crabs. While an absorption of the carbonate ion from sea 
water is not unlikely, the author has made no relevant experiments or 
analyses. 

XI —^AlSTAIiYSES OF THE CONSTITUENT TISSUES 

In Table XU are collected the absolute amounts of calcium and phos¬ 
phorus in the different tissues of specimens of Garcinus at different stages 
of the moult cycle. The data as percentages of the dry weight have already 
been given in Tables X and XI, The resorption of phosphorus from the 
integument before it is cast is clearly shown by the analyses. Whereas in 
both the hard and early premoult crabs the phosphorus in the integument 
comprises about 59 % of the total amount in the crab, in the soft postmoult 
crabs the phosphorus in the cast integument only amounts to 26—38 % of 
the total amount in the crab inclusive of the cast skeleton. 
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Table XII —^Ajtalyses of the CJoiisTiTtrEsrT Tissttes 


Dry weight (g.) 
Calcium (mg.) 
Phosphorus (mg.) 


Integument 

2M322 

5182-49 

309-32 


Hepatopancreas 

1-5468 

151-95 

113-61 


Other tissues 
6-8814 
80-67 
77-03 


Far .from moult: 92-03 g.; % Ca= 18-3; % P = 1’69 


Dry weight 

Calcium 

Phosphorus 


Integument 
9-4114 
2401-81 
166-30 


New skin 
0-9284 
9-84 
9-47 


Hepato¬ 

pancreas 

1-0420 

126-04 

86-15 


Other ti^es 
3-2442 
40-28 
36-20 


Premoult (?): 49-67 g.; %Ca=i7-6; %P=l-96 


Dry weight 

Calcium 

Phosphorus 


New skin 
0-5694 
13-87 
6*20 


Hepato- 

panereas 

0-3690 

10-77 

13-59 


Other tissues Cast skeleton 
1-5486 2-2128 

8-48 674-00 

13-68 20-43 


12 hours after moult ($): 20-02 g.; % Ca= 1-33; % P= 1-35; 
including cast exoieleton: % Ca=: 15*05; % P = 1-15 


Hepato- 
New skin pancreas 
Dry weight 4-4411 1-2496 

Calcium 354-03 12-25 

Phosphorus 77-25 68-35 

1 week after moult: 87-93 g.; % Ca=3-37; % P= 1-74; 
absorbed 187 mg. Ca from sea water 


Other tissues Cast skeleton 
5-9910 10-8636 

27-05 3071-00 

58-22 127-49 


Dry weight 

Calcixun 

Phosphorus 


New skin 
1-9302 
178-38 
23-67 


Hepato¬ 
pancreas 
0-9448 
42-99 
83-11 


Other tissues Cast skeleton 
3-1260 3-7418 

19-53 1047-85 

33-02 48-14 


Over week after moult: 47-55 g.; % Ca=4*01; % P = 2-^ 


Dry weight 

Calcium 

Phosphorus 


New skin 
3-8866 
308-94 
93-13 


Hepato 

pancreas 

1-1356 

67-45 

55-48 


Other tissue 
4-3462 
25-77 
41-10 


Fortnight after moult: 64-91 g.; % Ca=4-29; % P— 
absorbed 172 mg. Ca from sea water 

Hepato- 


Cast skeleton 
8-0418 
2269-78 
84-47 
2 - 02 ; 


Dry weight 

Calcium 

Phosphorus 


New skin 
2-1474 
287-53 
72-03 


pancreas 

0-3458 

16-76 

22-66 


Other tissues 
2-1940 
21-20 
20-71 


Fortnight after moult: 39-04 g.; % Ca= 6-94; % P 
Integument Hepatopancreas 
Dry weight 4-6298 1-5424 

(Mcium 766-94 5-57 

Phosphorus 44-14 56-54 

Moulted several we^cs: 82-28 g.; % Ca= 7-41; % P 


Cast skeleton 
4-9006 
1511-10 
67-39 
=2-46 

Oth^ tissues 
4-9838 
53-81 
39-22 
= 1*25 
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The loss of the old skeleton causes the calcium percentage to fall from 
about 18 % of the dry weight to about 1-3 %, and the consistent rise in the 
percentage to 4 and 7 % after a fortnight is due mainly to the absorption 
of calcium and perhaps carbonate from the sea water. During this period 
no particulate food was available to the crabs, and consequently the loss 
in organic matter due to ordinary metabolism would tend to increase the 
percentage slightly. 

Although under aquarium conditions lobsters eat their exuviae (Elmhirst 
1930), the writer has never found the shore crab to do so. Indeed, complete 
cast skeletons are quite often to be found intact on the shore in the Clyde 
Sea-area during July and August. Undoubtedly crabs must obtain some 
calcium from their food, and the rapid hardening of the tips of the legs and 
the appendages wiE enable a soft crab to use food soon after the moult. 

XII— ^Discussion 

Before the work of Bethe, there wa^ general agreement that the boundary 
membranes of marine invertebrates were semi-permeable, allowing the 
passage of water but not of the salts dissolved in the water. The work of 
Bethe (1928), Dakin and Edmonds (1931) and Koizumi (1932) aflEords strong 
evidence that marine invertebrates are permeable to the salts or constituent 
ions of sea water. Bethe found in Garcinus that when the concentration of 
calcium, magnesium, potassium and chloride was altered in the external 
sea water, a corresponding change occurred in the body fluids of the crabs. 
The interesting fact has been discovered by the writer that a new equilibrium 
between the external and internal concentrations of calcium is soon 
established, although the blood calcium is stabilized at a higher value 
than the sea-water calcium. This is clearly analogous to the conditions 
obtaining in dialysis experiments, where at equilibrium more calcium is 
present in a fluid containing colloids on one side of a coUodion membrane 
than in the colloid-free dialysate on the other side. 

Analyses showing the ionic composition of the antennary gland fluid and 
the blood of Eriocheir sinevsis, an estuarine crab, have been given by 
SchoHes (1933). The calcium in the gland secretion of individuals kept in 
seawater was on the average 6-5 % lower than the blood value. Bialaszewicz 
(1932) has shown that calcium, magnesium and sulphate are being actively 
excreted by the antennary gland of Maia squinado in proportions relatively 
greater than other ions such as chloride and potassium. This was found by 
comparing the secretion with an actual ultrafiltrate of the blood. By re¬ 
moving the antennary gland secretion as it was formed, he found that the 
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amount excreted during 24 hours was between 2 and 3 % of the body weight, 
Nagel (1934) has estimated the amount of secretion formed in Carcmus by 
plugging the opening of the gland to the exterior and measuring the increase 
in weight. During 6 or 10 hour periods, the increase in weight was calculated 
to cause an increase in 24 hours of 10-17 % of the body weight. This increase 
would seem, to be due to an absorption of water, and Nagel assumes that it 
must be balanced by the excretion of an equivalent amoimt of fluid by the 
antennary gland. There is some doubt about the validity of this assumption, 
and the discrepancies between the results of the two authors are very con¬ 
siderable. The present author’s estimate of the amount of secretion is from 
2 to 11 % of the body weight per day, and lies between the two other 
estimations. 

The conspicuous feature of the moulting of crabs is their increase in size 
and weight as they emerge from the old integument. A specimen of Caroinus 
weighing 50 g. absorbs about 35 g. water at the moult. This can be compared 
with a corresponding value of 58* g. in Maia squinado (Drach 1936), and 
values of 17 and 22 g. in Pachygraptus crassipes Hemigraptus oregonenais 
respectively (Olmsted and Baumberger 1923). The work of Baumberger 
and Olmsted, and Baumberger and Dill offers us a clue to this remarkable 
intake of water. It appears that just before the moult the osmotic pressure 
of the blood (as measured by its freezing-point depression) undergoes a 
considerable increase. Within 15 min. of emerging from the cast integument 
the osmotic pressure falls, indicating an osmotic intake of water. Whether 
the increased osmotic pressure is due to a concentration of the electroljiies 
in the blood or to an increase in the non-electrolytes or both is not known. 
The firmly established fact that the glycogen content of the crab as a whole 
and of both the hepatopancreas and muscles falls after the moult (see e.g. 
Schonborn 1912; Smith 1913; Hoet and Kerridge 1926) would suggest that 
its breakdown to sugar might be at least partly responsible for the increased 
osmotic pressure prior to the moult. Indeed Drilhon (1933) has found that 
in Maia squinado the amount of glucose in the blood immediately before 
moult may rise to 18 mg./lOO c.c., while just after the moult it may fall 
to 6 mg. 

While Baumberger and Olmsted have calculated from their osmotic 
pressure measurements that pure water is absorbed, the writer has found 
that at least calcium and chloride ions are absorbed with the water. 
Theoretically, if the increased osmotic pressure was due to non-electrolytes, 
one would expect at first an osmotic intake of pure water, and then diffusion 


* Calculated from Drach’s figures. 
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inwards of ions, since the electrolytes in the blood would now be less con¬ 
centrated than those of sea water. Actually, the two processes may be more 
or less simultaneous. 

Brach seems to have been the only person who has made a quantitative 
estimate of the amount of resorption. By comparing the dry weights of 
carapaces from east skeletons with those from hard crabs judged to be near 
the moult, he has calculated that resorbed material in the carapace of 
Carcinus amoimts to 22 % and in Cancer to about 20 % of the original dry 
weight. Further study of the carapace of Cancer showed that the resorption 
amounted to 56 % of the organic matter and nearly 10 % of the mineral 
salts. He also observed that certain zones in the endophragmal skeleton 
entirely disappeared before moult, thus making the process mechanically 
possible. J have confirmed this latter observation in Carcinus by comparing 
a cast skeleton with the skeleton of a hard crab obtained by boiling the 
specimen in sodium hydroxide to remove the soft tissues. I have also 
shown that there is relatively much more resorption of phosphorus - t-hn.n 
calcium. The phosphorus and perhaps some of the calcium is probably 
stored in the tissues, since higher values of these elements are found in a 
premoult crab than in an ordinary hard crab, and both are presumably 
deposited in the new integument after the moult. 

It is probable that aU the Brachyura store calcium salts in the soft tissues, 
particularly in the hepatopancreas, before moulting, and that these are used 
to harden the new integument. The first indication of this was found by 
Schonbom in Maia squinado, where the percentage of calcium in the 
hepatopancreas before the moult was about 3-8 % of the dry weight, and 
1*6% in a second specimen after the moult. Paul and Sharpe’s woi on 
Cancer ^urus was more convincing, and showed calcium values of 6 and 
7 % falling to 0-01 after the hardening of the integument. SchoUes gives a 
figure of 1-9 % in a very soft individual of Eriocheir sinensis. In Carcinus 
I haive found the storage of calcium to be much greater, the percentage of 
calcium in the gland reaching 9-12, and falling eventually to 0-4, while the 
corresponding phosphorus figures were 6-8 and 3-7. 

In the genera of Astacura and Anomura analysed so far, there is no storage 
at all (Paul and Sharpe iqif^Homarus and lAthodes-, Yonge 1924— 
Nephrops). According to Elmhirst, marked deposits of calcium can be 
Jmomtrated histologicaUy in the hypodermis of premoult lobsters, and 
th^ ^ppear after the moult. But the most peculiar calcium reserves' 
m the Astacura arethegastroliths, plano-convex masses of calcium carbonate 
^ch appear m the foregut, one on each side several days before the moult 
There can be no doubt that these represent material which has been resorbed 
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from the exoskeleton. In Astaous (Damboviceanu 1932) they reach their 
maximum size, about 8 mm. in diameter, immediately before moulting. 
A few hours after the moult, the gastrohths decrease in size, and at the end 
of 2 days have disappeared. This progressive diminution in size and final 
disappearance is correlated with the hardening of the exoskeleton, and it is 
reasonably certain that the gastrohths are used as a source of calcium for the 
calcification of the new skin. 

In the isopod Ligia exotica, Numanoi (1934) has shown that a large 
amount of calcium resorption takes place before the old skeleton is cast, 
but he found no storage of this element in the hepatopancreas. 

Both Schonbom and Hecht gave analyses showing that the total amount 
of calcium in postmoult crabs was much less than that in hard individuals. 
Consequently, both these authors inferred that there must be absorption 
of calcium from the surrounding sea water in order that the hard state 
might again be attained. Irvine and Woodhead appear also to have believed 
this. While food is one obvious source of calcium, the writer has shown by 
analyses that the absorption of calcium from sea water does take place to a 
very considerable extent in soft specimens of Garcinus. Thus in two 
specimens analysed a week and a fortnight after the moult, more than 
50 % of the calcium in the new integuments had come from the sea water. 

I wish to thank Dr. James Gray for helpful advice during the course of 
this work. To the staff of the Marine Station, Millport, and particidarly 
Mr. Elmhirst, I am indebted for the facilities which I enjoyed during my 
visits there. I am* also indebted to the Managers of the Balfour Fund for a 
grant towards the collection and preparation of much of the material 
analysed here, and especially to the Carnegie Trustees for the Scholarship 
which made this work possible. 


XIII— SXTMMABY 

1 —Carcinus maenas is permeable to the calcium ions of sea water. A new 
equilibrium between the concentration of calcium in the body fluid and 
that in the sea water is established when crabs are placed in sea water of 
altered calcium content. 

2_^The presence of colloids in the blood accounts at least partly for the 

higher value of calcium in the blood as compared with the value in the sea 
water in which the crabs are hving. 
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3 specimen of Garcinus weighing 50 g. absorbs about 35 g. of water 
at the moult. 

4—Eesorption of much of the organic matter and some of the mineral 
salts takes place before the casting of the exoskeleton at the moult. 

• calcium and phosphorus in the soft tissues particularly 

m t e hepatopancreas are used to harden the new skeleton. 

e^oft postmoult crabs absorb calcium ions from sea water. This 
calcium is also used in the calcification of the new skeleton. 
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The Effect of X-Rays on the First Meiotic Division 
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[Plate 9] 

1—Intbodtjction 

Although several papers have been published which deal with the 
cytological effects of irradiation, the whole subject is still in the preliminary 
or exploratory stage. It is clear that a complex sequence of biochemical 
phenomena result from the irradiation of a tissue, and that these may 
produce morphological changes in the chromosomes and other constituents 
of the cell- Generalizations based on the genetical results obtained by 
irradiating Drosophila sperm are dangerous, since the male gamete is 
a highly peculiar cell with practically no C3rfcoplasm or nuclear sap. The 
few papers which have dealt with the effects of X-rays on the meiotic 
divisions (Helwig 1933; Mather 1934; Stone 1933; Huskins and Hunter 
1935; Riley 1936), although interesting, are really only preliminary studies. 

In a previous paper the author (White 1935) dealt with the effects of 
irradiation on the spermatogonial (mitotic) divisions of the migratory 
locust. This, the second paper, deals with certain effects observed at the 
first meiotic division in three other species of Orthoptera, Mecostethus 
grossus L., Metrioptera brachyptera L. and Stauroderus {CTiorthippus 
bicolor Charp. Future papers will deal in further detail with other phe¬ 
nomena resulting from irradiation, the effects of different dosages, etc. 

Of the three species dealt with here, Mecostethus afid Stauroderus are 
members of the family Acrididae (short-horned grasshoppers) while 
Metrioptera is one of the Tettigonidae (bush-crickets or Katydids). Most 
of the work was done on Mecostethus and Metrioptera, but some fragmentary 
observations on Stauroderus are included in order to show that the phe¬ 
nomena described are essentially the same in at least three species of 
Orthoptera. 


[ 183 ] 
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Mecostethus has eleven pairs of antosomes, Metrioptera fifteen, while 
Stauroderus has only eight. All the species are XO in the male. In Meco- 
stethw and Metrioptera all the chromosomes, iacluding the X, have nearly 
terminal spindle attachments, there being a minute “polar granule” 
beyond the spindle attachment. Stauroderus has five pairs of autosomes, 
together with the X, of this type, but the remaining three pairs of auto¬ 
somes are V-shaped, with submedian spindle attachments. 

An these species are excellent cytological material since the chromosomes 
are very large (especially in Mecostethus) and vary in size, so that individual 
autosomes can be identified in many cases. 


2—^Material and Methods 

Male imagines of the three species were collected at Beaulieu Road, 
New Forest, and brought back to the laboratory for irradiation. Meco¬ 
stethus and Metrioptera were irradiated simultaneously, in the same muslin 
bag, and consequently received the same dosage. The conditions of irradia¬ 
tion were as follows: Coolidge tube; distance 30 cm.; 66 kV; 5 mA; 
unscreened radiation. 

The time of exposure was 5 min. except in the case of one batch of 
Stauroderus which received 20 min. exposure. An ionization-chamber was 
unfortunately not available so that no accurate measurements of the 
dosage in Roentgen units was possible; the 5 min. exposure, however, gave 
a calculated dosage of under 600 v. The material was fixed in Flemming’s 
fluid, sectioned at 25/t and stained by Newton’s Gentian Violet method. 

3—Tmi! First Meiotic Division in the Control Material 

The normal course of meiosis in Mecostethus grossus has been described 
in detail by Janssens (1924) and by McClung (1927, 1928); I have recently 
added some data on chiasma localization and chiasma frequency (White 
1936). The main features are (1) restriction of chiasmata in nearly all 
chromosomes to a short region near the spindle attachment, (2) the occur¬ 
rence of a “diffoi^ stage” during which the chromosomes become very 
difficult to fix or stain and which replaces pachytene, (3) the absence of 
any secondary shifting (“terminalization”) of chiasmata. The general 
features of the first meiotic divfrion in unirradiated material are shown in 
fig. 1 0-6, and in fig. 2 o and b. There is one autosome (probably the Vllth 
in order of size, but it is difficult to be certain, as there are several which 
are almost the same length) which is strongly heteropycnotic in its distal 
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Fia. 1—^The first meiotic division in Mecostethus; nnirradiated material. a=dia- 
kinesis, 6=first metaphase, c=mid anaphase, d and e = late anaphase. The bivalents 
b are labelled I-XI in order of size. Only the Vllth shows two chiasmata. 
= the X‘Chromosome. 



Fig. 2 —^Interkinesis in Mecostetlms. Unirradiated material. g= early interkinesis 
in a —X second spermatocyte, 6=late interkinesis in a +X second spermatocyte. 
The heteropycnotic autosome (VII) is visible in both cases. 
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half at diplotene-diakinesis and also at interkmesis (fig. 2). This autosome 
very fi:equently lies jnst next to the X during the prophase sta,ges of the 
first division, so that one can presume that in all probability its hetero- 
pycnotic region is, at least in part, homologous to a region in the Z; if 
this were so one would expect it to show a pairing-affinity with the X. 
It never actually forms a chiasma with the X, which is presumably due to 
the heteropycnosis which usually prevents chiasma-formation, even between 
two X’s in a tetraploid spermatocyte (White 1933 and later unpublished 
observations). This heteropycnotic autosome (which I shall call the Vllth 
for the sake of convenience) is the only one which frequently forms a second 
chiasma; all the others, except in very rare cases, only form one, just next 
to the spindle attachment. In addition to the large distal heteropycnotic 
region in the Vllth autosome, there is a very short heteropycnotic region 
just next to the spindle attachment in all the autosomes; this region is 
about 1/i long at diplotene, i.e. somewhat shorter than the region to which 
the chiasmata are restricted, which extends a little beyond the heteropyc¬ 
notic r^on. In view of what will be said later it is necessary to point out 
that anaphase-separation at the first meiotic division is extremely regular 
in Mecostethus and that the chromosomes composing the bivalents do 
not have any difficulty in getting free from one another. This is usual in 
oi^anisms with a low number of chiasmata per bivalent. 

The normal meiosis in Metrioptera is also characterized by ohiasma- 
locaUzation, at any rate in the larger bivalents (White 1936). There is no 
diffuse-stage and no special heteropycnotic regions in the autosomes. 
The Z-chromosome is very large, and is usually attached to the spindle 
about midway between the equator and one of the poles; occasionally, 
however (fig. 9d), it may be attached in the equatorial plane. The separation 
of the chromosomes at the anaphase of the first meiotic division, although 
not quite so regular as in Mecostethus, takes place in normal material 
without any special difficulty, except that the larger chromosomes usually 
separate somewhat later than the small ones. 

The normal meiosis of Stauroderus bicolor has been described by Dar¬ 
lington (1936) and I have not studied it in detail. 

4—Meiosis in X-eaybd Mboostetbus geossus 

The general appearance of the first meiotic division in individuals fixed 
hr. after irradiation is shown in figs. 3 and 4 and in figs. 13 and 14, 
Plate 9. An stages up to prometaphase (fig. 3a) appear to be normal. 
The anaphases of the first meiotic division are, however, strikingly different 
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from those seen in the control material. This difference may be described 
by saying that the chromosomes appear to have become viscous, so that 
they only separate with great difficulty, if at all. Thus in fig. 3d all the 
bivalents can be seen and there is no doubt that none of them has become 
fragmented; but the two chromosome of which each bivalent is composed 



Fio. 3—^The first meiotic division in irradiated Mecost&fihm, 1\ hr. material. a = 
prometaphase, all.chromosomes normal, one chiasma in each bivalent; h and 
c = anaphases, the chromosomes separating with difficulty due to “stickiness’’ 
(not all bivalents drawn in these two figures); d=an early anaphase showing aU the 
bivalents; e = late anaphase; the two groups of chromosomes are held together by 
a bridge of sticky chromatin. 

(and which are held together by pairing on either side of a single chiasma) 
stick together in spite of the repulsion between the spindle attachments 
which is pulling them apart. The result is that frequently the two groups 
of anaphase chromosomes are held together by a "'bridge’’ as in fig. 3e. 
It should be pointed out that these "bridges” are entirely different from 
those which have been described by Darlington (1936) and others as 
resulting from crossing-over in an inverted segment of a chromosome. 


VoL CXXIV—B. 
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The anaphases illustrated in fig. 3, although abnormal for Mecostethus, 
are not unlike those seen in some organisms with many chiasmata per 
bivalent (e.g. Triton^ Janssens 1909). Those illustrated in fig. 4 are, however, 
even more abnormal in that the different chromosomes have begun to 
fuse together laterally into a more or less amorphous mass. As a result 



Fig. 4—a, 6, c and anaphases of the first meiotic division in irradiated Meco- 
7J hr. material. All these anaphases have extensive ‘‘bridges” caused by 
the stickiness of the chromosomes. 

of their ‘'stickiness” they are prevented from separating completely from 
one another and usually give rise to a diploid restitution nucleus (fig. 5 a). 
The degree to which the chromosomes are affected by this alteration in their 
physical consistency varies somewhat from cell to cell even in the same 
individual. It is probable that most of the anaphases in fig. 3 would give 
rise to two separate interkinesis nuclei (fig. 56 ) while all those in fig. 4 
would probably give rise to restitution nuclei of the type shown in 
fig. 5 a. 
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When we turn to the material fixed 25 hr. after irradiation we find that 
the nuclei of the spermatocytes are still normal up to the end of the prophase 
of the first meiotic division (i.e. up to the end of diakinesis). From pro¬ 
metaphase onwards, however, a very marked change makes its appearance 



Fio. 6—^Interkinesis in irradiated Mecostethusi TJ hr. material. a=a ** restitution 
nucleus” resulting from failure of separation of the two anaphase groups of chromo¬ 
somes at the first meiotic division, h =two second spermatocyte nuclei (+ X and — X). 



PiQ., 6— Diakinesis in irradiated Mecostethus; 25 hr. material. Chromosomes normal 

and not fragmented. 

and at the metaphase of the first division all the chromosomes have under¬ 
gone a complete disintegration (fig. 7) so that they no longer hear the 
slightest resemblance to the normal set of bivalents at this stage (fig. 16). 
This change is remarkably rapid and may best be understood by comparing 
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the four %ures la, 16, 6 and 7a. The disintegration of the chromosomes 
illustrated in fig. 7 may probably be described by saying that the alteration 
in physical consistency already seen in the 7^ hr. material has in the 26 hr. 



Fig. 7— a and 6=polar and side view of first metaphase in irradiated Mecostethus; 
25 hr. material, c and d=side views of anaphases in the same material. 


material gone so far that it has led to a complete hquifaction and frag¬ 
mentation of all the chromosomes. It is interesting to note that the 
phenomenon does not begin until the nuclear membrane has disappeared 
and the chromosomes have become included in the spindle. Thus although 
it is obvious that there are many fragments or drops of liquid chromatin 



191 


Ejfect of X-Rays on First Meiotic Division 

which have no connexion with spindle attachments they are nevertheless 
included in the substance of the spindle (in fig. la there are two small 
fragments which are not in the spindle, but this is unusual). Figs. 7 a and 6, 
together with fig. 14, Plate 9, give a fairly good idea of the appearance of 
these completely disintegrated metaphases as seen in both side-views and 
polar view. The anaphases which result from them are illustrated in fig. 7 c 
and d. Here long strings and drops of chromatin are drawn out in the 
spindle so that the whole appearance is quite irregular. There is some 
suggestion in these figures that the spindle-attachments are still functional, 
but one cannot be certain. There is no longer, as in the 7J hr. material, 
any impediment to anaphase-separation; the chromosomes are too dis¬ 
integrated, and probably also too liquid to oppose any resistance to the 



Fig. 8 —a and 6=inetaphases of the first meiotic division in irradiated Mecostethua; 
72 hr. material. The bivalents are mostly normal, except for the presence of a number 
of breaks (indicated by arrows). 

elongation of the spindle. Consequently the interkinesis nuclei which result 
from these anaphases in the 25 hr. material are not restitution nuclei; they 
show a number of granules of chromatin, but no recognizable chromosomes. 

The final fate of these cells has not been followed out in detail, but it is 
clear that they will not give rise to sperms capable of fertilizing an egg. 

In material fixed 72 hr. after irradiation the complete disintegration of 
the chromosomes observed in the 25 hr. material is no longer found. The 
metaphases (fig. 8) are approximately normal but there are frequently 
present constrictions or actual gstps in the chromosomes which probably 
represent points of breakage, either of one or both chromatids. The fre¬ 
quency of occurrence of these breaks will form the subject of a subsequent 
paper, and figs. 8a and b are merely reproduced here in order to show that 
the '‘general disintegration effect” is a transitory one which disappears 
before the end of the third day after irradiation. 
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Fig. 9—^Nonnal meiosis in Metriopte^a. a and 6=metaphases, c and d=: anaphases 

of the first meiotio division. 



Fig. 10—Meiosis in irradiated Meirioptera; 25 hr. material, o and 6=metaphases 
c and d =anaphases of the first meiotic division. ’ 
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5— ^Meiosis in X-bayed Metrioptera bracryptera and 
Stauroderus bicolor 

The eflfects of irradiation appear to be very similar in Stauroderus to 
those found in Mecostethus, Fig. 11 and fig. 15, Plate 9, illustrate the 
complete disintegration of the first metaphases 22 hr. after irradiation. 
The effects of the two dosages (5 min. and 20 min.) are not very markedly 
different, although the disintegration is somewhat greater in the material 
irradiated for 20 min. 

In Metrioptera brachyptera on the other hand, the effect is not nearly so 
profound, either m the hr. or the 25 hr. material. In the 25 hr. material 



Fig. 11—^Metaphases of first meiotic division in irradiated Stauroderus. g= in material 
irradiated for 5 min., 6=in material irradiated for 20 min. Both fixed 22 hr. after 
irradiation. 

(fig. 10) the outlines of the metaphase chromosomes are somewhat irregular 
and they have some difficulty in separating at anaphase, but there is 
nothing like the complete disintegration seen in Mecostethus. It is worth 
noting that the material of these two species was directly comparable since 
they were irradiated simuiltaneously. As a matter of fact the anaphases 
in the 25 hr. material of Metrioptera were fairly similar to those in the 7^ hr. 
material of Mecostethus. Unfortunately no 72 hr. material of Metrioptera 
was fixe^, as the number of individuals available was too small. It is 
consequently not possible to say whether Metrioptera is more resistant to 
X-rays than Mecostethus^ or whether the effect develops later. It is also 
not known whether a higher dosage would produce a real disintegration of 
the chromosomes of Metrioptera. 
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6—^Disctrssiosr 


Variotis authors (Politzer i934> Stone 1933; Mather 1934) hare described 
phenomena which present a certain similarity to those described above. 
Stone and Mather formd a certain number of metaphases and anaphases 
which showed a great deal of “fragmentation”. They assumed that this 
was of the same kind which leads to inversions, translocations, etc.; but 
it is more probable that they were dealing with a general dismtegration 
of the chromosomes of the same type that I have described in Mecostethus 
and Stauroderus, Mather’s figs. 12—14 in particular resemble my figures 
fairly closely. Mather put forward an elaborate theory to account for the 
“fragmentation” he observed in Vida and Tradescantia; he suggested that 
in Tradescantia the- great degree of “fragmentation” was due to the 
terminalization of the chiasmata which was in part responsible for breakage. 
It is clear that this hypothesis is not applicable to the three species of 
Orthoptera I have described here, since in none of them is there any 
appreciable amount of terminalization. Politzer (1934) has described 
pycnotic metaphases and anaphases which result from irradiation. It is 


not clear what relation exists between pycnosis and the phenomenon of 
chromosome dismtepation; possibly they are only quantitatively different, 
but it seems more likely that they are really distinct phenomena. 

When one attempts to analyse the way in which irradiation causes the 
phenomenon of chromosome-disintegration, one fact stands out as sig¬ 
nificant; the chromosomes are not affected during prophase, i.e. so long 
as they are surrounded by the nuclear membrane. This appHes not only 
to the autosomes but also to the X (see fig. 6) which has reached the 
metaphase degree of contraction half-way through prophase (i.e. in diplo- 
tene). This suggests that the nuclear membrane acts in a protective way 
isolating the chromosomes from direct contact with some substance or 
subs^ces which are present in the cytoplasm of the irradiated cell. If 
this IS so It is dear that the substance, whatever its nature, is not produced 
^mediately after irradiation but develops graduaUy, so that in Mecostethus 
there IS relatively Httle of it present 7* hr. later, considerably more than 
25 hr. ^er irradiation. The substance is eventuaUy (3 days after irradiation) 
either destroyed or in some other way prevented from acting. 

The hypoth^ of a substance or substances, probably enzymatic in 
nature, which directly attacks the chromosomes in such a way as first of 
aU to alter their physical consistency, and finaUy to lead to their complete 
app^ to bo the mort oatiofaotory way of explaioij 
effects which a« descnhed above. As to how the immediate iovlit.-- 
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which, results from irradiation produces the substance, whether by actually 
synthesizing it, by liberating it as a result of a destruction of the cyto¬ 
plasmic structure, or merely by destrojdng another inhibitor substance— 
all these are mere speculations. But that the “disintegration effect” 
is due to some chemical agency in the cytoplasm which cannot penetrate 
the nuclear membrane appears highly probable. If this is so it means that 
the “disintegration effect” is entirely different from the ordinary chromo¬ 
some-breakage which has hitherto been studied by geneticists. It may, 
however, account for some of the sterility observed in irradiated genetical 
material. On the hypothesis presented above one would not expect to find 
the “disiategration effect” in non-dividing somatic cells (where the 
chromosomes are protected by the nuclear membrane) or in sperms (where 
there is practically no cytoplasm). It is clear that the effect also varies 
from species to species in extent, as can be seen by comparing the results 
on Mecostethus with those on Metrioptera, 

7 —SuiilMABY 

Irradiation of spermatocytes in three species of Orthoptera leads to 
profound changes in the chromosomes at the first meiotic division. These 
changes do not manifest themselves until some hours after irradiation. 
The first change is an alteration of the physical consistency of the chromo¬ 
somes which tends to prevent their separation at anaphase. Later on this 
change in the physical state of the chromosomes leads to their complete 
disintegration. It is suggested that the phenomenon is entirely different 
from ordinary chromosome “fragmentation” (as seen in inversions, trans¬ 
locations, etc.), and that it results from the destructive action of a substance 
produced or liberated in the cytoplasm as a result of irradiation. 

References 

Darlington, C. D. 1936 Genet* 33, 465—500. 

Helwig, E. R. 1933 Morph* 55, 265—312. 

Hnskins, C. L. and Hunter, A. S. W. 1935 Proc. Boy* Soc* B, 119, 22-33. 

Janssens, E. A. 1909 CeUule, 25, 387-411. 

— 1924 Gellule, 34, 135—359. 

Mather, K. 1934 Hereditas, Lund, 20, 303-22. 

McClung, C. E. 1927 J* Morph. 43, 181-264. 

— 1928 Arch. Biol*, Paris, 38, 503—28. 

Politzer, B. 1934 “Pathologie der Mitose.” Berlin: Bomtraeger. 

Riley, H. P. 1936 Gytologia, Tokyo, 7, 131-42. 

Stone, li. H. A. 1933 Ann. Bot., Lond., 41, 815—26. 

White, M. J. D. 1933 Gytologia, Tokyo, 5, 135-9. 

— 1935 Proc, Boy* Soc. B, 119, 61—84, 

— 193 b Z. Zellforsch* 24, 128—35. 



196 


M. J. D. White 


Descbiption of Piate 9 

Fig* 12 —Anaphases of the first meiotic division in Mecostethus grossm; 7J hr, 
material. 

Fig. 13 —^The same. 

Fig, 14 —^Metaphases of the first meiotic division in Mecoatethus groaaus^ showing 
complete disintegration of the chromosomes; 25 hr. material. 

Fig. 15 —Metaphases and anaphases of the first meiotic division in Staurodarua hicolor 
irradiated for 20 min. and fixed 22 hr. later. 
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The Effect of Androgenic Compounds on the 
Histological Structure of the Pituitary in 
the Castrated Rat 

By Mabjoeib Allaitson 
Department of Zoology, King's College, London 

{Communicated by A. 8 . Parhes, F.R.S.—Received 22 July 1937 ) 

I—^Introdtjction 

It is known that the administration of certain hormone preparations 
wiU prevent the development of the characteristic histological changes in 
the anterior pitnitary of the castrated male rat. This has been effected by 
implants of testicular and ovarian tissue, injection of testis extracts and 
of female hormones; the literature has been adequately reviewed by 
Severinghaus, Engle and Smith (1932) and Nelson and Gallagher (1936). 
Some of the crystalline male hormone preparations now available have 
also been used with success. SchoeUer, Dohm and Hohlweg (1936) Com¬ 
paq the amounts of testosterone, testosterone propionate, androsterone 
and oesteadiol benzoate required to prevent the appearance of changes 
tor 15 days after castration in immature and adult rats of both sexes. 
They found that in the adult male a daily dose of O-lSy of oestradiol 
be^oate, 160 y of testosterone propionate, SOOy of testosterone, and 
2000 y of androsterone was successful. In the adult female more oestradiol 
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benzoate is necessary (O-Sy), but less androsterone (1600y): the doses of 
testosterone and testosterone propionate are the same for the two sexes. 
In immature animals (29—33 g. body weight), the doses necessary are 
considerably smaller. Wolfe and Hamilton (1937), ^sing a standard dose 
of 500y daily for 10 days, found that testosterone, testosterone propionate 
and testosterone acetate maintained the normal pituitary structure in 
immature males, and that testosterone acetate and oestrone were successful 
in immature females. 

Another type of experiment, the restoration of the pituitary to normal 
in animals castrated for several weeks, has been carried out by several 
investigators. Ovarian and testicular implants and injections of testis 
extracts and female hormones have been used with varying success. 
Korenchevsky, Dennison and Simpson (1935) report that androsterone, 
androstanediol and oestrone will restore the hypertrophied pituitary of 
the castrated rat to the normal weight, and cause partial restoration of 
the histological structure. With testosterone and testosterone propionate 
there was no definite return to normal weight (Korenchevsky, Dennison 
and Eldridge 1937). 

In the present paper the power of thirteen crystalline male hormone 
preparations to correct the post-castration changes in the pituitary 
is compared with that of oestrone and crude testis extracts. The 
glands were obtained from animals used by Deanesly and Parkes in 
their work on the biological properties of compounds of the andro- 
steronetestosterone series (Deanesly and Parkes 1936a, c,dl, 1937a). They 
have kindly supplied the data on the response of the accessory organs, 
so that a comparison can be made between the activity of the male 
hormones m correcting the post-castration changes in the anterior pituitary 
and in the accessory organs. It is evident firom the literature that oestrin 
and related compounds are capable of maintaining and of restoring the 
anterior pituitary of both sexes after castration, and it is possible that the 
effect of male hormone compounds is due to their oestrogenic rather than 
to their androgenic activity. The pituitary response has therefore been 
studied j&rom the standpoint of the oestrogenic as weU as of the androgenic 
properties of the injected compounds. 

II— ^Material akd Methoes 

A list of the hormone preparations used is given in Table I, together 
with details of administration and duration of treatment. The experimental 
technique has been described by Deanesly and Parkes (1936a, c). 
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Anirmls—RBitB were castrated at 40-60 g. body weight (in a few experi¬ 
ments at 170-200 g. body weight) and used not less than a month later. 
Neither the weight of the rat nor the time after castration when treated 
were standardized, but control animals of appropriate weight and length 
of castration were obtained for all experiments. In the maintenance 
experiments, treatment was started on the day of castration. 

The control animals numbered fifteen normal males of 60-280 g, body 
weight, and twenty-four untreated castrates killed 14-136 days after 
operation. 

The prostate and seminal vesicles were weighed after fixation. 

Administration of Hormone Preparations —Hormones were administered 
in arachis oil, nut oil or propylene glycol. In the preliminary experiments 
the volume of oil was kept as low as possible, but it was later found that 
greater effect on the accessory organs was obtained by increasing the 
volume of oh, and after the experiments of Miescher, Wettstein and 
Tschopp (1936a, b) further tests were carried out with the addition of 
palmitic acid to the oil solution, and with the use of esters. More recently 
it was found that administration of certain of the free hormones in the 
solid condition by a single subcutaneous implantation is even more 
effective than the addition of palmitic acid to the oil solution or the 
esterification of the hormone. Experiments on the administration of the 
hormones in these different ways have provided a series of animals in 
which varied effects have been produced on the accessory organs by 
the same total dose of hormone, and this has made it possible to com¬ 
pare the effectiveness of restoration of the pituitary and of the accessory 
organs. 

Histological Technique —^The animals were killed with chloroform and 
the pituitary dissected out and fixed within 6-10 min. Sousa’s fixative 
followed by a modification of Mallory’s triple stain was used as a routine 
method, as the results are dependable and the castration cells stain 
brilliantly. Since this technique does not differentiate the unmodified 
basophil cells satisfactorily, pituitaries from representative control and 
experimental animals were fixed and stained by the methods of Wolfe and 
Cleveland (1932), Severinghaus (1932) and Crooke and Russell (1935). 

The glands were sectioned serially at 4/6 in the horizontal plane, every 
25th section being mounted and examined. No attempt has been made 
to do cell counts. The proportional changes in the cell types were sufficiently 
marked to make this unnecessary, and all diagnoses were checked by 
comparison of sections by a Reichert comparimeter eyepiece. With this 
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double eyepiece two slides can be examined simultaneously, and striking 
diJBferences in cell size, affinity for stains, and proportions of cell types, 
can readily be distinguished. 


Ill— ^Histology of the Ahteriob Pituitaey* after Castration 

The progressive changes in histological structure following castration 
have been described in detail by Ellison and Wolfe (1934) hi the female 
rat; by Nukariya (1926) and others in the male. Nukariya found that 
there is no marked difference in the structure of pituitaries of rats castrated 
prepubertally and those castrated when adult. The castrate controls 
provide a series of glands from 14 to 1B6 days after castration, and the 
various stages were found to agree closely with those described by previous 
authors. In the normal male gland the number of basophil cells is in¬ 
significant. According to Wolfe and Phelps (1935) they represent 6*5%. 
of the total cells; Nelson (1935) places them at 8-1%. Large granular 
basophils are fairly plentiful at the junction of the intermediate and 
anterior lobes: at the periphery and in the central region they are fewer 
and occur singly. Within 14 days after castration the number of large 
basophils is markedly increased at the expense of the chromophobes, they 
are abundant at the periphery and are more common in the centre. They 
continue to increase in number and size, and by 30 days after operation 
they are the most prominent cell type in all parts of the anterior pituitary. 
The number of these swollen cells remains high throughout castration, 
although there is a slight proportional decrease after 90 days. The so-caUed 
“^signet-ring” or castration cells appear earlj^, but are not present in 
appreciable numbers until about 30 days after operation. They are at first 
small basophil cells with a colloid vacuole about the size of the nucleus, 
and are found at the junction of the intermediate and anterior lobes. 
Later they are distributed round the periphery, and finally throughout the 
gland. By 60 days after operation the majority of these cells measure 
25 by 25/6, and are mostly occupied by colloid. Their number rises rapidly 
until about 90 days after castration, and Ellison and Wolfe (1934) found 
in the female rat that it continues to incresise, but at a slower rate, until 
180 days. Nukariya (1926) and Severinghaus (1933) have reported that 
the eosinophils decrease in size, but measurement of these cells in normals 
and castrates has failed to show any size change in the present series of 
glands. 
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„ 6 30 6*7 — 30 1 1291 

Testosterone 2 14 1*4 — 14 1 1399 
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IV— Histology of the Ahtbrior Pituitary of the 
Castrated B>at after Treatment 

(а) Restaratim to Normal Structure —^The various compounds were not 
of equal potency in causing reversal of the castration changes, and as 
some compounds were tested over 10- and 20-day periods, all stages in 
restoration to the normal pituitary structure could be studied. The earliest 
change is a gradual decrease in the number of enlarged basophil cells. 
They disappear first from the centre of the gland, and later from the 
periphery; the relative numbers of basophil and chromophobe cells return 
to normal. This is followed by decrease in size and reduction in numbers 
of the castration cells. As with the enlarged basophils, the changes start 
in the central region so that it is possible to find a gland with the central 
area normal in structure, but with numerous large castration cells at the 
periphery. Complete removal of the castration cells was not effected in 
20 days with any compound used, but, since Halpem and D’Amour (1936) 
found them present in female rats injected with large doses of oestrin over 
8 weeks, it is evident that these cells disappear very slowly. A pituitary 
has, therefore, been judged to have, been successfully restored when the 
structure is normal except for occasional small castration cells. 

As the enlarged basophils are almost completely absent before any 
decrease in size or number of the castration cells is apparent, the pituitary 
during restoration presents a histological picture unlike any stage in the 
development of post-castration changes. 

In Tables I and II the foUowing symbols have been used to indicate 
the degree of restoration present; 

-f- -t- -1- -F histological structure normal except for the presence of 
occasional smaE castration cells; 

-F -F -F large castration cells numerous at periphery but not prominent 
in the centre, large basophEs not more numerous than in normal gland; 

-F -F no change in size and number of castration cells but a marked 
decrease in number of enlarged basophils'; 

-F enlarged basophils disappearing from centre, no change in castration 
cells; or much variation in structure in different parts of the gland. 

(б) Maintenance of Normal Struaure —^The pituitaries of fl.niTYig.ln im¬ 
planted with free hormone at the time of castration and kiUed 14 and 
30 days later showed none of the post-castration changes typical for these 
stages. A few smaE ceEs with coEoid vacuoles are present in the glands 
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Table II 



No. 

Days 

after 

castra¬ 


Days 

Average wt. 
of pros¬ 
tate and 
seminal 

Besponse 

Compound 

of 

rats 

tion at 
autopsy 

Total dose 

in¬ 

jected 

vesicles 

mg. 

of 

pitiaitary 

Oestrone 

5 

60 

1*0 mg. in 10 e.c. 

20 

— 

+ + + + 

Boar testis extract 

5 

60 

araohis oil 

2*0 g. in 5*5 c.o. oil 

20 


+ 

iTmn^andro- 

5 

60 

10*0 mg. in 10*0 c.c. 

20 

— 

+ 

stenediol 

Tmnsdehydro- 

6 

60 

arachis oil 

99 

20 


0 to + 

androsterone 

Androstenedione 

5 

60 

99 

20 

714 

+ + + -f. 

Testosterone 

5 

60 

99 

20 

1105 

+ + + + 

Testosterone 

5 

60 

99 

20 

1563 

+ + 4- + 

propionate 

Androstanedione 

5 

60 

»» 

20 

243 

+ + 


of normal rats, and in the maintained” pituitaries they are about twice 
as numerous as in the normal. Many experimental treatments, involving 
the introduction of foreign protems to the blood stream, will bring about 
a small increase in the number of these cells (McEuen, Selye and Thomson 
1934). Their presence has therefore not been judged significant, since the 
swollen basophils typical of the early castrate are absent. 


V— ^Restoratiok Experiments 

{a) Androsterone —^Pituitaries were obtained from four different experi¬ 
ments with androsterone (see Table I). In each case the total amount of 
androsterone was 10 mg. administered in dailyinjections over 10 days. The 
pituitaries showed no significant change from the castrate structure. 

The largest accessory glands in this series occurred in animals receiving 
androsterone in propylene glycol, the weights being: prostate, 169 mg., 
seminal vesicles, 34 mg. 

(6) ATidrostanediol was administered m araohis oil to three groups of 
five rats each, in doses of 2-5, 5*0 and 10-0 mg. The largest dose produced 
fair development of the accessory organs, particularly of the seminal 
vesicles, but failed to effect any restoration of the pituitary. 

Another experiment, in which the androstanediol was administered as 
a subcutaneously implanted peUet (average dose 1-5 mg.) and the rats 
killed 20 days later, resulted in partial restoration of the pituitary and in 
much increased growth of the seminal vesicles and prostate. 


Vol. cxxiv— B. 



M. Allanson 


204 

(c) Androstanedione —One experiment on a group of five rats was carried 
out with this compound, 10 mg. being given over 20 days in a total of 
10 c.c. oil. The pituitaries showed partial restoration. Greater growth of 
the prostate was obtained than with ten daily injections of androsterone 
or androstanediol, but there was little growth of the seminal vesicles. 

(d) Transdehydroandrosterone —^Five rats were given 10 mg. in arachis 
oil over 20 days, with negative results on the accessory organs. In the 
pituitary, however, there were indications that correction of the castrate 
structure had commenced. 

(e) TmusandrostenedioTr—lxi two 10-day experiments a total of 6 and 
10 mg. of the compound was administered in 2 c.c. oil. The larger dose gave 
a fair growth of the accessory organs, particularly of the seminal vesicles, 
and the pituitary showed signs of restoration. In one 20-day experiment 
with a total dose of 10 mg. in 10 c.c. oil, the accessory organs gave no 
response, but pituitary restoration had commenced. In this case, the 
ineffectiveness of the compound on the accessory organs is almost certainly 
due to the large volume of oil used. 

(/) Androstenedione —Three groups of rats received androstenedione: 

5 mg. over 10 days, 10 mg. over 10 days, and 10 mg. over 20 days. All 
these showed some restoration of the pituitary, and, in the 20-day experi¬ 
ment, the restoration to normal was almost complete. Good results were 
obtained with the accessory organs. 

(gr) Testosterone —^Experiments with testosterone in oil solution, in oil 
solution with palmitic acid, with testosterone in tablet form, with testo¬ 
sterone acetate, and with testosterone propionate in oil solution and in 
tablet form, were carried out. The results recorded in Table I give clear 
evidence of correlation betWen the effect on the accessory glands and on 
the pituitary. Even large doses of the free hormone given in concentrated 
oil solution failed to produce more than the initial stages of pituitary 
restoration, and were relatively ineffective on the accessory glands. Almost 
complete restoration was, however, obtained with a large dose of the free 
hormone given in a large volume of oil over 20 days, correlated with very 
good growth of the accessory glands, 

A small dose of testosterone with palmitic acid gave moderate restoration 
of both accessory glands and pituitary, while the same amount of testo¬ 
sterone in oil without the addition of palmitic acid resulted in poor 
response of the accessory organs and of the pituitary. 

The three rats receiving one implant of free testosterone in tablet form 
(approximately 2 mg.) and killed 10 days later, showed better growth of 
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the accessory organs compared with the rats receiving the same amount 
of hormone with palmitic acid, but restoration of the pituitary was not so 
advanced. The reason for the poor response of the pituitary in this experi¬ 
ment is not obvious. Five rats receiving practically the same amount of 
free hormone in the same manner and killed 20 days later, showed greater 
restoration of the pituitary, but the accessory glands had apparently 
passed their maximum development and were smaller than those found 
in the 10-day experiment. 

(h) Testosterone acetate —^Pituitaries were available from three experi¬ 
ments with this highly effective ester. The results varied from partial to 
half-complete restoration of the pituitary, in keeping with the growth of 
the accessory organs. 

(i) Testosterone propionate —^Daily administration of 0-5 mg. of testo¬ 
sterone propionate in 0-5 c.c. oil over 20 days gave the largest accessory 
glands observed in this series of experiments. Maximum restoration of the 
pituitary was found. 

Tablets of testosterone propionate varying from 1*0 mg. to 3-0 mg. were 
implanted into eight rats, three animals being killed at 10 days and five at 
20 days after implantation. A better response of both accessory glands 
and pituitary was obtained from the 20-day experiment, but was not as 
great as obtained by daily injections. 

{j) Methylandrostanediol —^Five rats were given 7-5 mg. of this compound 
in oil, over 10 days. The results on both accessory organs and pituitary 
were slightly better than with the non-methylated substance. 

{k) Metjiyldihydrotestosterone —dose of 1-5 mg. in oil over 10 days gave 
a moderate recovery of the accessory organs. In the pituitary there were 
indications that restoration had commenced. 

(Z) Methyltestosterone —^Five rats received 2-0 mg. in oil over 10 days. 
The results on the accessory organs were poor, and the pituitary showed 
no signs of restoration. 

(m) Testis extracts —^Since no male hormone compound had effected 
complete restoration in 10 days, experiments were made with a few 
animals to find the degree of correction produced by testis extracts over 
the same period. A dose of 1 c.c. of bull testis extract in 4*0 c.c. nut oil 
failed to alter the castrate structure of the pituitary, but had some effect 
on the accessory organs; 2*0 c.c. in 2-0 c.c. oil gave a slight response in the 
pituitary, and 4*0 c.c. in 4-0 c.c. oil caused greater growth of the accessory 
organs and a degree of restoration of the pituitary comparable with results 
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obtained in 10-day tests with. 10 mg. of androstenedione and 2 mg. of 
testosterone with palmitic acid. A heavy dose of boar testis extract (2*0 g. 
in 5-0 c.c. oil over 20 days) produced no growth in the accessory organs 
and little correction in the pituitary. 

(n) Oestrone —Several investigators report complete restoration of the 
pituitary of the castrated male rat by injection of oestrin and other female 
hormone preparations (Montpellier and Chiapponi 1930; Nelson 1934; 
Crooke and Korenchevsky 1935), but most of the experiments described 
were of more than 20 days duration. Experiments were accordingly carried 
out with oestrone to find the correction produced in 10-day and 20-day 
periods, for comparison with the results obtained with male hormone 
preparations. Two groups of rats were given doses of 0*5 mg. of oestrone 
in 5-0 c.c. arachis oil over 10 days, and 1-0 mg. in 10*0 c.c. oil over 20 days. 
Correction of the pituitary was no further advanced than in tests with the 
most effective male hormones. 

VI— ^Maintenance Experiments 

(а) Androstanediol —^Five animals were implanted at the time of 
castration with approximately 4-7 mg. of the free hormone and killed 
14 days later. The accessory organs were slightly smaller than those of 
control normal animals, but in the pituitary, castration changes were 
absent. In another group of five rats implanted with approximately 6*7 mg. 
and killed 30 days later, the accessory organs were larger than in the 
control animals and the pituitary structure was normal. It is of mterest 
to compare these results with the restoration experiments with this 
compound which suggest that it possesses little androgenic power. 

(б) Testosterone —^Implants of approximately 1-4 mg. prevented the 
appearance of castration changes in the pituitary. The weight of the 
accessory organs was more than 50 % above that of the controls. 

VII— Relation between Response of the Pituitary and the 
Oestrogenic Properties op Male Hormones 

Some of the experiments already described were planned to test whether 
the response of the anterior pituitary was related to the oestrogenic power 
of the male hormones. The compounds and extract used, arranged in 
descending order of oestrogenic activity (Deanesly and Parkes 19366, 
19376), are listed in Table II. This seriation is similar to that given by 
Korenchevsky, Dennison and Eldridge (1937), except for the position of 



Effect of Androgenic Compounds 207 

testosterone. A uniform dose of 10-0 mg. in 10-0 c.c. arachis oil of each 
of the male hormones was administered over 20 days to six groups of 
five rats. Two other groups received 1*0 mg, of oestrone in 10 c.c. oil and 
2 g. of boar testis extract in 5*5 c.c. oil respectively. The weights of the 
animals and the time since castration were constant for all experiments. 
The boar testis extract was selected as being comparatively highly 
oestrogenic, but little androgenic. It is possible that the oestrogenic 
power of the male compounds has some influence on the response of the 
pituitary, since androstenedione has a greater effect than would be 
expected from the response of the accessory organs. The evidence firom 
i^mT^^dehydroandrosterone and the boar testis extract is inconclusive, but 
comparison of the much more oestrogenic ^m^i^androstenediol with 
testosterone does not suggest any direct relation between oestrogenicity 
and power to restore the pituitary gland of the castrate. A much more 
regular relation is foimd between the response of the pituitary and the 
androgenicity of the compound as shown by the response of the accessory 
organs. 


VIII— ^Rblatioit between Response op the Pituitaby and the 
Androgenic Activity op Male Hormones 

The experiments with testosterone, testosterone acetate, testosterone 
propionate, androstanediol, androstenedione, androstanedione and buU 
testis extract, provide sufficient data for an examination of the correlation 
between the response of the pituitary and androgenic activity. Iii %. 1 
the symbols denoting the degree of pituitary restoration are plotted against 
the combined weight of prostate and seminal vesicles. It will be seen that 
little restoration occurs when the accessory glands weigh less than 400 mg., 
except in the case of androstenedione, and that the pituitary is most 
completely restored when there is maximum growth of the accessory 
glands (800-1600 mg.). The results from the implantation of testosterone 
tablets for 10 days fall seriously below the general curve, since the accessory 
glands weigh over 800 mg. and in the pituitary there is little restoration. 
With this one exception, the response of the pituitary is related to that 
of the accessory organs fairly closely. 

I wish to thank Dr. A. S. Parkes, F.R.S,, and Dr, R. Deanesly for 
material used in this investigation, for their permission to use data from 
their experimental records, and for their generous assistance and advice. 
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I am indebted to Dr. H. Selye, Dr. A. C. Crooke and Dr. J. M. Wolfe 
for advice on histological technique and the opportunity of studying their 
preparations. My thanks are due also to Dr. Selye for assistance at the 
beginning of this work in the interpretation of castration changes in the 
rat pituitary. 

The crystalline compounds used were generously supplied by Professor 
L. Ruzicka and Messrs. Ciba. 
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Pio. 1—Activities of various compounds on the anterior pituitary in relation to their 
activities on the accessory organs. 

1 

IX—SlJIOIABY 

1. The activity of thirteen male hormone compounds in restoring the 
pituitary of castrated adult rats to the normal structure has been compared. 
Hormones were administered by daily injections in oil, in oil with the 
addition of palmitic acid, or by a single subcutaneous implantation of a 
solid tablet. 

2. Experiments on the restoration of the pituitary to normal were 
carried out for 10- and 20-day periods. Almost complete correction of the 
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pituitary was effected by twenty daily injections of andxostenedione, 
testosterone and testosterone propionate. 

3. The histology of the anterior pituitary during the reversal of the 
castration changes is described. 

4. Little relation between the oestrogenic properties of male hormones 
and their power to restore the pituitary was found. 

5. The response of the pituitary is correlated with the response of the 
accessory organs. 

6. Subcutaneous implantations of androstanediol and testosterone will 
maintain the normal structure of the anterior pituitary for as long as 
30 days. 
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PABT I—GENERAL THEORY 

It has long been supposed that the mechanism of propagation is the 
stimulation of the inactive region just in front, by the advancing action- 
potential wave. Plausible as is this theory, it is only within the last year 
that evidence has been published which puts the matter beyond doubt. 

Blair and Erlanger (19366) obtained suggestive evidence by blocking 
a single impulse with calcium or anodal polarization. They found that tbia 
blocked impulse left a transitory state of enhanced conductivity which 
allowed a second impulse to be propagated. The nature of this enhancement 
was studied independently and in greater detail by Hodgkin (1937). He 
used cold or pressure to block the first impulse, and found that the lowering 
of threshold on the farther side of the block had the same spatial and 
temporal distribution as had the spread of the action current. Moreover, 
the action current spread had the same space-time distribution as that of 
a subthieshold current applied from an external circuit, and so arranged 
as to have the same time course as the action-potential wave. 

Thus, whatever other factors may conceivably be involved, the action 
current certainly spreads forward into the inactive region of a nerve in 
the same way as does a current from the outside, and this spread will 
account for the lowering of threshold observed. But since this lowering 
may be as much as 90 % at some distance in firont of the active region, 
there can be little doubt that close to the active region itself, the lowering 
will be far more than 100 %. 

We may thus conclude that the action-potential wave normally propa¬ 
gated is of an intensity many times that sufficient to excite the neighbouring 
portion of nerve; it is quite a different matter, however, to suppose that 
this statement applies to the action-potential wave, as it is first initiated 
at the cathode of a stimulating circuit. For the normal propagated wave 

[ 210 ] 
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consists of an active region some centimetres in length, each element of 
which may be supposed to contribute (though not equally) to the excitation 
of the region in jfront of the wave. On the other hand, the excitation wave 
at the moment of its inception will occupy only a very small length, and 
be correspondingly feeble and might in fact be insufficient to propagate 
unless fostered by the continued application of the external stimulus. 

Now the classical treatment of the excitation process does not take this 
into consideration at all. It has been customary to assume not only that 
when a certain membrane in the neighbourhood of the applied cathode is 
depolarized to a critical extent the action-potential wave arises, but that 
this wave from the start is of sufficient intensity to propagate* This la«t 
conclusion, however, has never been justified, it is inconsistent with the 
above simple concept of the flow of action current, and moreover, the 
expectations to which it leads differ in certain respects from those where 
the feebleness of the initial response is considered. It therefore appeared 
worth while to investigate theoretically this concept of the initiation of 
the propagated disturbance. 

Now, though a number of conclusions foUow readily from intuitive 
considerations, one cannot obtain even approximately quantitative results 
without a detailed mathematical investigation, and this has the dis¬ 
advantage that unless the assumptions are greatly over-simplified, the 
resulting equations are (to me at least) insoluble. 

It has therefore seemed best to attempt the investigation as follows. 
Assumptions are made, in many cases grossly over-simple, but such as will 
allow of a relatively easy mathematical treatment over a very wide range 
of possible stimuli. A graphical analysis is described which will permit 
those not familiar with the underlying equations to obtain solutions in 
a routine manner for any given temporal form of stimulus, so that it will 
be relatively easy to compare experimental results with the expectations 
of theory over a wide field, and then it will often be easy to see how such 
deviations as will be found may be due to the over-simplification of the 
assumptions. Finally, if there is a general confirmation of the present 
concept, it may be worth while to develop the theory upon more accurate 
assumptions, but with incomparably greater difficulty. 

The present treatment will consist of three sections. In the first the 
assumptions will be stated and discussed, the second will contain the mathe¬ 
matical treatment, and the resulting conclusions wiU be summarized in the 
third. Those, therefore, who do not wish to examine the details of the 
mathematics may omit the middle section and still appreciate the assump¬ 
tions and the conclusions. 
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In Part II, the general conclusions of the first part will be applied to 
a number of specific cases to show that the present theory fits in a fairly 
satisfactory manner a wide range of known observation, and to point out 
a number of conditions where certain results should be expected which 
differ from the classical expectations. Mention will also be made of the 
principal observations which will not fit the present theory. 


Assumptions 

The nerve is supposed to have a cable structure, the axis cylinder and 
the interstitial fluid being relatively well conducting, and the myelin 
sheath being highly resistant. These resistances are supposed to be non- 
capacitative. The nodes of Ranvier are neglected. Closely appHed to the 
myelin sheath is a fine membrane which is supposed to be capacitative, 
but so leaky that its resistance is negligible compared wdth that of the 
myelin sheath which is in series with it. 

Each element of inactive nerve sheath may be represented by the circuit 
{A), fig. 1, where R is the ohmic resistance of the myelin, c the capacity 
of the fine membrane applied closely to it, p the leak resistance of the 
membrane, where pfR is negligible. Finally E is the resting potential across 
the sheath which is observed as the injury potential. 

It is clear that the resting charge on the condenser will be altered by 
passage of current through the myelin, and we assume that when this 
alteration attains a critical value, the local condition of the membrane 
suddenly changes. The intimate nature of this change is not considered, 
but the result is that the resting potential E is abolished, so that the sheath 
in the active region is represented by (R), fig. 1. 

Since any given element of sheath is connected with aU other elements 
through the conducting interstitial fluid and axis cylinder, it follows that 
the change of potential arising where the given element changes from in¬ 
active to active state, will affect in some degree all points on the nerve, 
though principally the regions adjacent. The nature of this spread is 
illustrated in fig. 2. 

Suppose that the whole nerve is inactive except for a stretch 5 mm. in 
length whose centre point is 0. Then the potential of each point on the 
surface of the nerve due simply to the activity of this stretch is given by 
the lowest member of the family of continuous curves in fig. 2. The other 
members of the family correspond, in order, to the potential distribution 
when the active lengths are 10, 20, 30, 40, 50 mm. 
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It is seen that each curve is concave towards the horizontal axis in the 
central region, and convex on either side. The transition is at an abscissa 
corresponding exactly to the edge of the active region. The dotted curve 
passes through these inflexion points, hence the horizontal distance between 



Fig. 1—Schematic circuit diagram of nerve. 



Fig. 2—^Abscissae: distances along nerve. Ordinates; potential of surface of nerve 
due to the activity of various lengths. 0 is the centre of the active stretch, and for 
each curve, the limits of the active region are the abscissae corresponding to the 
intersection of the curve with the dotted exponentials. 


the two intersections for any member of the family gives the corresponding 
length of active nerve. 

From fig. 2 it is easily appreciated that 6 mm. of active nerve only 
develops about one-quarter the action potential of a long active stretch, 
comparing the potentials at 0, the mid-points of the two active regions; 
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and about one-half comparing the junctions of active and inactive regions 
in the two oases. 

Shorter active lengths will clearly develop smaller potentials as given 
by the corresponding values of the dotted curve. 


Mathematical Section 
Let 

Fj = potential outside the sheath. 

I2 = potential inside. 

ii = current flowing parallel to nerve outside. 

4 = current flowing parallel inside. 

^ ^ ^2- 

= resistance per unit length of interstitial fluid. 

^2 = resistance per unit length of axis cylinder. 

1/5 = conductivity per unit length of sheath for current passing radially. 
l/p = conductivity per unit length of membrane. 

6 = charge per unit length on membrane. 

6^ = critical value of 6 at which nerve becomes active. 

5 = potential in series with sheath responsible for injury and action 

potential. 

c = capacity of membrane per unit length. 

a = cp = finite time. 
pjR 0. 


Current Distribution in Nerve 

The nerve is represented electrically by the scheme of fig. 1, where the 
elements are supposed to be infinitesimal and infinitely numerous. The 
element of sheath is represented either by (A) or (5), according as it is 
inactive or active at that point. 

Currents from external circuits are led into the interstitial fluid accord¬ 
ing to any known time-space distribution, and it is required to find an 
expression for the charge on the membrane at any point and any time as 
a combined result of nerve activity and external stimulus. 

To obviate the necessity of going over the working separately for the 
two types (A) and (5), let us assume that the sheath has the more general 
electrical structure {(7), where may be either E or zero as particular 
cases. 
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Then, applying Kirchoff’s Laws to (C), 

Since CTirrent through condenser element = 6 Ax, 
and current through shunt element = dAx/cp, 

current through BJAx = ^ Ax, 

■■■ 

But from the main network we have 

dV, . dV^ ... j 

h+»2--f- 
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Also 


3i, 


_a 

8 x\ 


dx' 


= current density through sheath JR 
^ «)■ 

Now putting cp = a, JR/iri+r^) = L% 

dx^y'^a) L^\ ^a.}~ a'B B’dz Bdx^^ 
and since p/B -> 0, 

\dx^ B'dx 

To solve, we note that if 

(L^d^ \ 


7-1 81 8^E^ 

B8x^' 


^ 1*00 ±, 


—® f« £ £ /*' 

2yL = e ■^j e^ud4x:+e^\ e^udx 

J -00 J X 

is a solution, as may be verified by differentiation, 
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Tims putting ^ ~ ^ a) / 

R'dx dx^’ 

we obtain 




e^lr^ 
00 \ 


di 
_[_ 


8*^ 

dx^ ) 


ffoo -f / a/ 


That this solution is the particular one to suit the boundary conditions 
is seen by putting a;= ±oo, when the second member of equation (1) 
vanishes, provided that dijdx and d^EJdx^ are both zero for points far 
from the origin. 


Since Eg, is essentially a discontinuous function, being either E or zero, exception 
might be taken to the form d^EJdx^ in (1), and the same in lesser degree applies to 
dijdx. Since, however, equation (1) applies to any continuous function Eg., it will 
apply to 14* tanh qx, which can be made to differ by less than any assignable quantity 
from the discontinuous function with which we have to deal, by making q large 
enough. Hence (1) applies to the discontinuous case with infinitesimal error. . 


Equation (1) may be put into a slightly more convenient form by inte¬ 
grating by parts the quantity d^EJdx^ gi^g 








%dE^ 


<>^-~dx+e^ 
ox 


Jx dx I' 


( 2 ) 


where the coefficient of gives the contribution from the applied stimulus, 
and the coefficient of 1/L the contribution from the active portions of nerve. 

It would be easy, integrating by parts again, to change the quantities 
under the integral sign from dl/dx, dEJdx to I and Eg., but the above form 
is more convenient. For I and Eg. in the following analysis will be constant 
over a certain range and then jump suddenly to a different constant value. 
This allows the integral in the form (2) to be written down at once. For, 
throughout the range in which I is constant, dijdx is zero and contributes 
nothing. If at x^, I changes from to then the value of 


rXn+Ax rXn+Ax 

e ^^dx = e ^ dl^e ^ 
J Xn-Ax da; J Xn-Ax 

The full value of the integral is thus simply 

n 


71+1 



( 3 ) 
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Bipolar Electrodes 


Suppose that the cathode is at a; = 0, and the anode at a; = -“5. Then 
I vanishes except for values of x between the electrodes, siuce in the 
extrapolar regions all the current flowing away in the core must return 
in the interstitial fluid, and hence + = J = 0. Between the electrodes 

I = /i, the current passed from the external circuit. These assumptions 
apply fairly accurately to the usual conditions of excitation. With regard 
to the potential we assume that until 6 attains a value 6^ it is E. But 
as soon as has been attained Eg. immediately assumes a fixed value zero 
which is maintained indefinitely. 

At face value this is a poor approximation to the truth, since the action- 
potential wave appears to increase rather linearly than abruptly (Erlanger 
and Blair 1933), and certainly lasts 1 or 2 msecs. But it must be remembered 
that it has not been possible to record the onset of the action-potential 
wave in circumstances uncomplicated by propagation and capacitative 
spread, and aU we know is that at the seat of generation of the action 
potential the time course must certainly be more rapid than any recorded 
wave. 

With regard to the assumption of persistence of the action potential, 
this is chiefly erroneous for slowly rising stimuli where accommodation 
enters and complicates the matter m any case. 

Suppose that at any moment t, the excited region extends from — 
to X2, where is to the right of the cathode and —X^ to the left. Con¬ 
sider the value of 0 at a point z to the right of Xg. 

Then ha equation (2) the integrals from a; to 00 vanish, and applying 
formula (3) we immediately obtain 


e\ 

L 


_X ^ _X.x ^ 

= e ^(l — e ^)Iir^ + e ^{e^ — e 

Ju 


(4) 


Now, if we make the substitution 

_x 

d = ^e ^ 


in (4) and divide throughout by e "we obtain 


L\dt^ a. 


:).(!- 


X. 






which shows that 56 is independent of z. 
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But we know that at a: = X^, 6 = 9 ]^, thus at any greater value of x 


£ij~J3ir2 

(5) 

Thus in the extrapolar region the charge diminishes exponentially with 
the distance away jfrom the nearest point of the active region with length 
constant L, We may therefore learn whether the active region is advancing 
or not by finding whether the charge at some fixed point in front is in¬ 
creasing. This is obtained by combining (4) and (5), with the elimination of 6 ^ 


2Rdd^l_ 2Re.^LI,r^ 




Xt 


Z2Z — fi,L - ^ 

E'dt 


aB 




( 6 ) 


from which we see that the second member must be positive if propagation 
is to occur at the instant considered. 

Liminal Length —^From equation (6) it is clear that the stimulus to 
be effective must produce a change of such a magnitude that when the 
stimulus is withdrawn dO/dt will still be positive. 


{e^-e ^)> 


2 Rd^ 

ccE 




••• 


(7) 


Now the second member is independent of the nature of the stimulus. 
Hence a necessary condition for stimulation is that a Hminal length of 
nerve defined as above, be excited by the time that the stimulus 


ceases. 


Put 


2Rd^ 

(xE 


= h = e ^ 


( 8 ) 


at the liminal length. The constant h, which has no dimensions, plays an 
important part in all the present treatment and may be called the “propa¬ 
gation constant” of the tissue. 

This condition of a liminal length has just been shown to be a necessary 
one, and it is easily seen to be sufficient. For, once the propagation has 
begun after cessation of the stimulus, the only change in conditions is that 
a greater and greater length of nerve becomes active, and hence a greater 
and greater stimulus is applied. The condition of the hminal length assures 
an initial velocity of propagation, positive though infinitesimal, and as 
a greater length becomes active the velocity will increase to a fixed value. 
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Velocity oe Propagation and Saeety Factor 


At a great distance from the origin, equation (6) becomes 


^ dd _ 

E ' dt aE 


Xa—X Xs—X 

e ^ +e ^ , 


or, combining with (5) and (8), 


dd _ hd 
dt a{l—hy 

But since in this region the impulse is travelling with constant velocity v, 
we have 

dd __ dd vd 
dt ' '^dx L * 


Hence 


Lh 

a(l —A)* 




Now the safety factor may be defined as one less than the ratio of the 
existing value of E to the value which E must assume to reduce the velocity 
just to zero. But from (8) it is seen, that E is inversely as (1 — A). Hence 
the safety factor is one less than the reciprocal of the ratio of the existing 
value of (1 — A) to the value that this must assume to abolish conduction 
velocity. But from (9) the latter condition is satisfied byA- = 0orl —A = 


Hence 


Safety factor = 


h 

l-h‘ 


( 10 ) 


The Eheobase 


The rheobase must have the intensity to raise to the value d^ the charge 
immediately under the cathode, and it must furthermore be suflSicient to 
allow propagation from this point indefinitely. We proceed to show that 
if the first condition is satisfied, the second will also be satisfied. 

Let Iq be the value of which satisfies the first condition, then from (4) 
we see that Iq must have such a value that dd/dt vanishes when 


d = d^e n, 

X2 and being zero. Thus 


E 


(1-e ^) = 


aE 


1 —A. 


( 11 ) 


Q 


Vol. CXXIV—B. 



220 


W. A. H. Rushton 


Putting I = If,, equation (6) becomes 


2Rde j „ -..A' Tx - 


L 


E ’ df 


= A(6^- 


.l) + (l-e i). 


And since Z2> 0> —X^, ddjdt is always positive and 7 q, the least current 
which will activate the cathode, will propagate indefinitely, and is hence 
the rheobase. 


Excitation with Shobt Intebpolae Length 

We are now in a position to consider approximately the conditions of 
eiB&cacy of a stimulus of any known time course. But since this efficacy 
depends upon the way in which propagation is initiated from the cathode, 
it will be convenient to consider specifically two cases of bipolar electrodes, 
namely, where the two electrodes are very close together, or very far apart, 
since in these two cases the problem is fairly simple. 

When the electrodes are very close together, the excitation spreads at 
first entirely into the extrapolar region. For clearly the stimulus has no 
excitiag effect at the point midway between the electrodes (which is very 
close to the cathode in the case considered), hence this point will not be 
raised to activity until there is already more than the liminal length of 
nerve excited in the extrapolar region. Thus the applied stimulus, by the 
time that it ceases, must have raised to activity the region from the origin 
to a point X, where from equation (8) 

Consider then the value of 6 at this point X, The condition that a stimulus 
may be adequate is that at the moment of its cessation 6 has attained 
a value of at least 0^. A stimulus is threshold when any diminution in 
strength abolishes the foregoing condition.* ■ 

Considering this value of 0 in equation (4) we obtain 

hE\dt a.} E ^ 

* It is not accurate to simplify the above statement and say that a threshold 
stimulus is one where 0 = 0^ at the cessation of the stimulus. Take, for example, 
a constant current which lasts for a time somewhat longer than the utilization time 
of the rheobase. If this current is below rheobasic intensity 0 will never attain 0^ 
(nor in fact If on the other hand the current is just adequate, ^ will attain 
by the utilization period, and be much greater by the time that the current ceases. 
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Now there are two conditions in which is constant, i.e. in which the 
propagation is not advancing. The first is during that period when the 
charge under the cathode has not yet attained the value in which case 
Xg = 0, and the equation reduces to that for the charging of a shunted 
condenser. The second case is when, although has some positive value, 
yet, in the event of the removal or the diminution of the applied stimulus, 
the value of dO/dt ceases to be positive. Since the active stretch continues 
to be active in such a case, Xg remains constant, and propagation may be 
resumed if the stimulus increases again. 

In both eases, therefore, we have an ordinary first order equation, which 
may be simplified by substitution from (8), and by introducing the rheobase 
value from (11), with s very small, 

We thus obtain a ~ 0 = hdj^ 

Now, when X^ is increasing, the value of 6 at Xg is 6 ^, hence at X 

Xt-X Xt 

from which we can substitute for Xg in equation (12) and obtain 




( 12 ) 


or 





(13) 


In passing between the two ranges governed by equations (12),and (13) 
account must be taken of the fact that, so long as the stimulus remains 
of finite intensity, 6 is continuous. Thus, initially 6 is zero, it increases to 
the value 6 ^h where it leaves the first range of integration, and this value 
is consequently the initial value in the second range of integration. 

At the moment when the impulse is initiated, & changes from one range 
of integration to the other. The value of 6 when this occurs may be called 
the ‘transitional value”. 

Again, from equation (12) it appears that, so long as suffers no dis¬ 
continuity at the moment of changing range, the value of ddjdt will also 
be continuous. Tor, at the instant of changing, the three variables 6 , 
Ii and Xg are all continuous and hence the expression for ddjdt is continuous. 


Q2 
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Tims, given a stimulus of any time course, the effect produced is obtained 
first by the application^ of equation (12) with X2 and the initial value of 6 
both put zero. When 6 attains the transitional value hd^ we pass to (13) 
maintaining continuity of 6 . A further change back to (12) will have to 
be made if, through diminution of stimulus, d ceases to increase. A simple 
graphical method of working out these results wiU be described later in 
this paper. 


ExciTATioisr WITH Grbat Interpolar Lehoth 


In this case aU the conditions of excitation are symmetrical on either 
side of the cathode, consequently propagation will spread equally in both 
directions, and we have 

Xj = X2, 

and hence the liminal length is excited when the impulse has travelled only 
half as far from the cathode as in the former case with short interpolar 
length. Thus if X*is the distance from the cathode in the present case 

X 

Putting these values in equation (4), substituting from (8) and intro¬ 
ducing from (11) the value of the rheobase Jq, with 5 infinity, 

we obtain an equation analogous to (12) for the value of 6 at X. 


dd 




Now when Xg is increasing 

Hen* 


(14) 


(15) 


Now in the range of equation (15) lies between and unity, hence 
if A is not less than 0-75, we may with an error less than 2*5 % put 
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Introducing this into equation (16) we obtain 
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SoLTJTiosr BY Geaphical Astaiysis 

In a recent publication (Rushton 1937) I have described how by means 
of a simple appliance made from a piece of card, and by a routine manipula¬ 
tion, it is easy to solve the equation 

where a is a constantj and f{t) any given function of t. 

Now all the equations (12), (13), 14), (16) are of this type and can there¬ 
fore he solved in this way, which is indeed usually the easiest treatment. 
Moreover, since the matter is a perfectly routine one, it may be carried 
out by those unfamiliar with the mathematics underlying the equations 
to be solved, and they can in this way readily obtain an accurate graphical 
solution for any given form of stimulus. 

We shall first consider the case where the electrodes are close together, 
and describe the procedure of the analysis without digressing to justify 
the statements made. Then the modifications required for the case of great 
interpolar distances will be given, and finally the validity of the process 
will be demonstrated. 

Two analysers are required, one with subtangent a, and the other 
a(l—A)/A. We know the rheobase Jq and the stimulus at any instant, 
hence we may plot on a convenient vertical scale against time measured 

horizontally, and so scaled that a occupies about 2-5 cm. An example is 
shown in fig. 3 where the stimulus is a current which increases exponentially 
from zero to a constant value, and is represented by the continuous curve 
Ji/Jq passing through the origin. 

Two horizontal lines are drawn, one dotted at ordinate value unity, and 
one continuous at Ijh, The curve is now redrawn, reflected” as it 
were in the dotted horizontal, but with a different ordinate scale. We shall 
refer to this curve as the “reflected curve”. It may be obtained first by 
reflecting in the ordinary way, and then reducing the ordinate dis¬ 
tances between the curve and the dotted horizontal in the ratio (1 — ji)/A, 
i.e. the ratio of the two subtangente to be used. The reflected curve thus 
represents the quantity 



224 


W. A. H. Rushton 


Now using the analyser with suhtangent a and starting at the origin, 
a curve is obtained which represents the development of 0 at a point distant 
the liminal length from the cathode. Ordinates represent a linear scale in 
6 ; the horizontal dotted line is hd^, the transitional value of 6 , and conse¬ 
quently is the level at which we change from equation (12) to (13); the 
upper horizontal line is and indicates the earliest point at which the 
current may be cut off and still allow propagation. When the curve of 6 



Fig. 3 —Graphical analysis to obtain the curve of ^ as fiuiction of time, given 
a stimulus of any known time course (see text). 


reaches the dotted horizontal, the other analyser with subtangent a(l -- 'h)lh 
is taken, and the curve continued without a break. This analyser must be 
used with the pivot to the left of the tracing pencil, since the subtangent 
in this case is negative; the curve to be analysed now is not but the 
reflected curve 



The curve of 6 is seen to suffer no discontinuity of gradient (as already 
noted), but (in the present instance) to experience a point of inflexion at 
the transitional value. Though the impulse is initiated when the curve 
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cuts the dotted horizontalj it is not until the upper horizontal is reached 
that the stimulus may be withdrawn without abolishing propagation. 

If now the stimulating electrodes are far apart instead of being close 
together, some of the quantities in the foregoing analysis must be altered. 
The curve of is plotted as before, also the horizontal at ordinate 
unity, but this now corresponds to the transitional value for this case, 
hence the upper horizontal corresponding to 6-^ is drawn at ordinate h^. 
The first analyser is the same as before, but the second has a subtangent 

1-A 

The reflected curve is drawn with distances from the dotted horizontal 

reduced in the ratio , ^ 

l — h 

I+A’ 

which is the ratio of the subtangents in the present case, and therefore 
the curve represents the expression 

2-(l^^)Z,/7o 
l + A 

As before, when the dotted horizontal is reached, the second analyser is 
used (pivot to the left), and the reflected curve is the one now treated. 
At the moment when 6 meets the upper horizontal, the stimulus may be 
removed without abolishing conduction. 

JuSTmCATION 

If in fig. 3 we adopt the scale which gives the value to the dotted 
horizontal, then the curve marked Ji/Zq becomes the curve of hO^IJlQ, and 
this, analysed with subtangent a, gives a solution of 6 which satisfies 

■which is equation (12) -with zero. 

The solution also satisfies the conditions that initially 6 is zero and that 
it only applies to -values below the transitional value hd^. It is therefore 
the required solution. 

In the same way the second range of the analysis satisfies equation (13), 
taking into account that the subtangent in this case is negative, being 
-a(l — h)/h. Similarly the procedure for the case of great interpolar length 
satisfies the analogous equations (14) and (15). 
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Tripolab Electrodes 

If the current is led into the nerve by more than two electrodes, certain 
modifications must be made in some of the foregoing treatment, but in 
general the results are much the same, and do not merit a detailed considera¬ 
tion here. One case, however, is of particular interest, namely when the 
cathode of a tripolar system has two equal anodes symmetrically situated 
on either side of it, for ■unless s, the distance between two adjacent elec¬ 
trodes, exceeds a certain value, excitation is impossible however strong the 
stimulus. 



I^G. 4—Symmetrical tripolar electrodes. The density of current (ordinates) crossing 
the sheath is shown for each point on the nerve (abscissa). 


Eig. 4 shows the charge produced at each point on the nerve between 
the points -s and s by a onrrent too weak to excite the cathode. It is 
easily seen from equations (2) and (3) that if at the cathode the charge is 

S 

2( 1 - e“-^) then at any point x lying between 0 and s the charge is given by 

—— _ S—X _ s-\-x 

0o = 2e —e ^ , (17) 

hence the charge is zero when 


= 26 *^— 1 . 

Suppose that the distance between the two points of zero charge is the 
lininal length, then 

e ^ = h 

e (18) 
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Now it is clear that if s has a value less than this, propagation from the 
cathode will be impossible, for we have seen that a region no longer excited 
by external stimulus camiot be rendered active by less than the liminal 
length, and the region beyond the points of zero charge is negatively excited. 
Thus equation (18) represents the minimum value which s can have if any 
stimulus is to be effective. If $ exceeds this value, however, we shall show 
that a rheobasic current merely sufficient to excite the cathodal point will 
propagate. 

For from equation (4) we may write down the condition that charge shall 
increase at any instant, taking into account, that the contribution to 
excitation of the active region is independent of the nature of the electrodes 
but that the contribution of the applied stimulus is not the coefficient of 

in (4) but some multiple of Oq in (17). 

We thus obtain 


& 

E \dt^OL 


■?* £ 
e + ^ — e ^{e 


Introducing the value that the current is rheobasic when dd/dt vanishes 
for d — and a? = X 2 = 0 we obtain 


■® 2(1-e"i) 


Now introducing condition (18), and putting x = Xj, which also means 

9 P _Xg Xt Xa 

^^ = -l + A+l-e i +(1 + A)e L-h{e i+e^) 

E ot 

Xg Xa 2Xa 

= ei(l-e ^)(e“^ -h), 

_ 5 » 

and since 1 > c ^ and e -^ > ii, 


d6/dt is always positive, and propagation will occur as far as the l im in a l 
length, but no farther. If, however, at this point the stimiilating current 
ceases, propagation will continue indefinitely. 


CONOLXrSIONS FEOM THE MATHEMATICS 

1—^In the extrapolax region the charge at the limit of the excited active 
portion has the critical value 6^; the charge at other points at this instant 
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diminish exponentially with their distance from this limit. The exponential 
constant is L, the constant of length for the cable (5).* 

2— ^When an applied stimulus stops, the necessary and sufficient con¬ 
dition that propagation should continue is that a liminal length of nerve 
should have been excited. This length is given by expression (7). 

3— constant of no dimensions h is defined in (8) and called the “propa¬ 
gation constant”. It appears in most of the mathematical expressions 
which have been derived. 

4— ^It is clear that an adequate brief shock must excite the whole liminal 
length immediately. An enduring current on the other hand need only 
excite one point, whence the impulse, aided by the continued stimulus, 
will propagate indefinitely (11). 

5— Expressions are derived for the final velocity of propagation (9) 
and for the safety factor (10). 

6— Under the heading “Graphical Analysis” a method is described 
whereby the time course of excitation may be plotted in a routine fashion 
by those unfamiliar with differential equations, for the case of a stimulus 
of any given time course. 

7— ^In the case of symmetrical tripolar electrodes, with the cathode in 
the middle, excitation is impossible unless the distance s between adjacent 
electrodes exceeds the value given by expression (18). 


PART n~APPLICATION OF THE THEORY 

1—^Temporal Considerations 
a—Brief Shocks 

One of the chief difficulties in understanding the excitation process is 
that the only thing which can be observed about excitation itself, is that 
a given stimulus is or is not effective. All that we believe about the process 
is inference from the properties of various stimuli which either are or are 
not effective, together with a little collateral evidence derived from such 
physical and chemical concomitants as we imagine to be relevant. 

In Part I of this paper a method has been described which will enable 
us to obtain a curve representing the way in which the excitation process 
is supposed to develop under the action of any given stimulus. At first 

* The numbers refer to the equations. 
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sight it would seem that this whole curve is of no significance except as 
a means of determining the fact that in one case propagation will occur, 
and in another it will not; the intermediate part of the curve would seem 
to rest as highly speculative and be outside the range of experimental 
investigation. It becomes, therefore, a matter of the highest importance 
to the practical application of the theory that these curves may in fact be 
experimentally obtained by superposing brief shocks upon the stimulus to 
be analysed. 

One Shock, 

The action of a single instantaneous shock (hereafter called merely 
a"" shock ’') is obviously to charge the nerve instantly to a value proportional 
to the strength of shock and distributed in space as is the coefficient of 
in equation (2). If 6 is not raised to the critical value of 6-^ over a region 
equal to at least the hminal length, propagation carniot occur. A threshold 
shock will raise instantly to activity exactly this length. If we apply to 
a single shock the general graphical method described in Part I, it is clear 
that the effect of a threshold shock is to raise 6 instantly to 6-^, Any other 
strength of shock will similarly increase ^ by a value proportional to this 
strength. 

Now turning to the more general case, we have seen that, from the given 
time curve of the stimulus, we can derive the curve of 6, We shall know 6 
at any instant if we know what we must add to d to bring the value to 
But it is just this information which is given by superposing a shock, and 
if at any instant this is done, and simultaneously the stimulus is cut off, 
it is clear that the threshold value of this shock is that necessary to increase 
d to 6-^. By superposing threshold shocks, and simultaneously cutting off 
the stimulus at various instants, therefore, we may obtain experimentally 
a curve for comparison with that predicted. 

Two Shocks. 

The simplest case to consider is the curve due to one shock investigated 
by adding a second after a varying interval. Fig. 5 gives the results to be 
expected from the theory in the case where the electrodes are far apart. 
The curves faU into three classes. In the first the shock raises 0 to an initial 
value less than d-^^h, and the curve, after rising instantly, returns to 
zero along an exponential of subtangent a. In the second class, 6^ has 
a value between d^^h and 6^, which signifies that a region of nerve from 
-Za to +Z 2 is made active where 
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Tlie subsequent curve of 0 is given by (14), where = 0, and 

e i=e ^=^h6il6Q. 

■ dp 

dt^ i-h\d^^h do /■ 



O Time 


Fig. 5—^The time course of 6 following a single instantaneous shock applied at time 0. 
The shape of the curve depends upon the strength of the shock (see text). For 
comparison with the experimental results of Katz ( 1937 ). 

Since the second member of the equation does not vary with time, the 
curve of d is an exponential of time constant a, as shown by the dotted 
curves in fig. 5. The initial value of each curve is Oq, and the final value, 
obtained by putting dd/dt = 0, is 



In particular it will be seen that when 6q = both initial and final 
values are 6^, and hence the curve coincides with the horizontal at that 
level. 

Now the curves are calculated on the assumption that the action potential 
of the active stretch persists indefinitely, but we know that this is not the 
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case, and that in fact the curves of 6 instead of contiauing horizontally 
at various levels must soon fall below these levels and return to the axis. 
The course then, that we should actually expect to find, is one which would 
coincide with the dotted curves of fig. 5 in their earlier course, and then 
fall to the axis as shown by the continuous curves in fig. 5 . The third class 
of curves is when 6^ is greater than in which case propagation will occur 
unless an anodic shock is applied to reduce 6 below 6-^ again. The curve 
in this case is obtained from the graphical analysis of the second range, 
which solves equation (16). The curves are shown in fig. 5, rising steeply 
above the level They are exponentials asymptotic to the level 

with subtangent 

The special significance of these curves is that qualitatively at least they 
resemble very closely those recently obtained by Katz ( 1937 ) in his experi¬ 
mental investigation of this relation. His results show curves of the three 
classes mentioned above, each exhibiting the appropriate characteristics. 

It may be of interest to remark that the present theory and Katz’s experiments 
were independent. Hodgkin and I had worked out these expectations, and sketched 
some experimental details of the modification considered below, when Katz came to 
discuss with us his first evidence of deviation from the simple exponential decay. 

Three Shocks 

If a shock is quickly followed by one that is equal but in the opposite 
direction, the subsequent excitability, as measured by a third shock in 
the same direction as the first, should show hardly any change from the 
restmg condition, provided that the initial shock was less than ^h threshold 
intensity. If this value is exceeded, however, the resulting excitability 
curve should be that due to the local action potential alone. If the third 
shock is sent in the same direction as the second it will test the action 
potential (if any) which arises from the anode. 

b—Constant Currents 

Fig. 6 shows the curves obtained by the graphical analysis of constant 
currents whose intensity in multiples of the rheobase is indicated by the 
number on each curve. It is seen that subrheobasic currents cause an 
exponential rise of 5 to a final level proportional to the current but never 
rising higher than the transitional value hd^ for short interpolar length, 
or ^jhd^ for great interpolar length. Currents greater than the rheobase 
give rise to curves which, below the transitional value, are the same as the 
foregoing except that the ordinates are proportionally greater, but above 
this value the curve changes from concave to convex. 
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To estabKsh. the exact form of this upper portion consider the following 
operation. Suppose that we perform the graphical analysis of the first part 
of the curve again, but this time on a piece of tracing paper, and with every 
thing reduced in scale in the ratio (1 — (for the case of short interpolar 
lengths). The curve obtained will naturally be the same as before, but 

similarly reduced. The analyser used will have subtangent ^(1 —A) and 

hence will be the analyser used for the second portion of the curves in 
fig. 6. Now, suppose that we take the tracing paper and put it upside down 



Fio. 6—^The time course of 6 foUowiag the making of a constant current at time 0 . 
For comparison with the experimental results of Rushton (1932) which are 
plotted the other way up. 


on fig. 6, with the horizontal axis coincident with the upper horizontal 
of fig. 6, then it is easy to see that the two dotted horizontals must coincide, 
and the line IJIq on the tracing paper will coincide with the ^‘reflected 
curve”. 

It follows that the second part of the curve in fig. 6 must be the same as 
the curve on the tracing paper, since they are both derived by analysing 
the same curve by the same analyser between the same limits. And thus 
the portion of the curve above the dotted horizontal is similar to the 
portion below, and similarly situated with respect to the point of inter- 
section with this horizontal; they stand in the proportion of the two 
subtangents. 

The same result holds for great interpolar lengths, allowing for the 
approximation made in obtaining equation (16). 

It follows fi^om the geometrical symmetry of the two parts of the curve, 
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that the time taken for 6 to attain is a constant multiple of the time taken 
to attain the transitional value, this constant being 

1 /A or 2/(1 4 -A) for short or great lengths. 

Consequently the strength duration curve has the form 

J T _ 14 -fe . 

— l — or -j=\ — e , (19) 

where I is the current and /o'the rheobase. 

This is the condenser formula of excitation which has been proposed 
countless times. Evidence is rather conflicting as to its accuracy, but on 
the whole it is probably a good approximation to the experimental data. 
Where the present theory differs from the classical condenser concept is 
that the time constant of the physical process a is significantly smaller 
than that of the excitation process. 

A more striking difference is seen in the curves of the way that 6 develops 
under the action of a constant current. According to the condenser theory 
all curves should run as do those in fig. 6 , below the transitional value, and 
excitation should occur when this value is attained. Exactly this has been 
described by Bishop ( 1928 ), who was the first to investigate the matter 
by the method of superposed shocks. Unfortunately he restricted himself 
to subrheobasic currents, which do not exhibit the characteristic inflexion, 
and differ from the condenser theory expectations only in that a just 
subrheobasic current requires a moderate shock to be superposed, and not 
an infinitesimal one. This Bishop found, but explained it away by an 
alleged property of his circuit which appears to be inconsistent with 
Kirchoff’s laws. Erlanger and Blair (1931 A) repeated the "observation and 
disproved, for their circuit. Bishop’s explanation. They were chiefly 
interested in questions of accommodation to a polarizing current and also 
confined themselves to subrheobasic currents. Their curves which plot, 
for the most part, action-potential heights, are not strictly comparable 
with the curves of the present analysis, but in a general way they agree 
over short durations where accommodation is not significant. 

At the same time, but unaware at first of their investigations, I made 
a number of similar observations, much cruder in method, but extending 
into the range of super-rheobasic currents. The curves obtained showed 
the inflexion as in fig. 6 , and were obviously inexplicable on the simple 
classical theories. I was unwilling to publish these without being able 
further to explain their significance, and merely mentioned the matter 
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in a short note (Rushton 1932 ) wherein the curves are seen to be extremely 
similar to those of fig. 6 plotted the reverse way up. More detailed discus¬ 
sion of these and related results will be presented in a separate paper. 

c —Condenser Discharges 

The condition that a condenser discharge should be just threshold is 
easiest established from the geometry of fig. 7, where A and B are two 
exponential curves asymptotic to R8 whose ordinates BP and RQ are in 
a constant ratio. OPS is the tangent at P, hence from the property of the 
exponential RS the subtangent is constant. Thus from similar triangles 
OQ is also constant and independent of the position of P. 


R S 



Now the ‘‘reflected curve” in the graphical analysis of a condenser 
discharge is an exponential of the form P, and hence it is clear from the 
construction, that if the curve of 5 in the second range of analysis starts 
by lying on .4, so situated with regard to B that OQ = subtangent of the 
second analyser, it will continue to trace out A indefinitely. Obviously 
this is the threshold condition since the slightest deviation on either side 
of B will cause the curve of 0 quickly to diverge much farther. 

We thus conclude that the utilization period of a threshold condenser 
discharge is the full period of the discharge. This is not experimentally the 
case. There is uncertainty as to the exact experimental relation but agree¬ 
ment that an appreciable fraction of a slow discharge may be out off 
without affecting the efficacy. Three factors at least may enter into this 
divergence from the theory. Conditions are nearly always slightly super¬ 
threshold and in this case the utilization period is very considerably 
diminished. Measurements are not usually made with electrodes very 
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close together, and so the theoretical results are invalidated by the approxi¬ 
mation introduced into equation (16). Accommodation will diminish the 
utilization period. According to the recent results of Fabre ( 1933 ) a con¬ 
denser continues to act until its voltage has fallen well below rheobasic 
voltage, but not to zero, it therefore fits the present theory as modified 
by accommodation, etc. It will not, however, fit the classical condenser 
theory, according to which a subrheobasic intensity can never be present 
at the instant preceding excitation. 

The voltage-capacity relation for threshold condenser discharges has 
been investigated by countless workers; the recent experiments of Hill 
( 19366 ) are probably the most accurate. He found that the relation fitted 
precisely the theoretical crave obtained on the classical condenser theory, 
hence it is important to find what curve is to be expected upon the present 
theory. Unfortunately the working, though straightforward, is rather long, 
and I shall therefore merely mention the method and quote the result. 

Taking the case of large interpolar distance, as in Hill’s experiments, 
we introduce into (14) for Iq and for Ii, where ^ is the time constant 

of the condenser discharge. Putting zero we obtain the value when 
d = Now introducing the threshold conditions of fig. 7, we may 

eliminate tQ and obtain 





1 + 


oc l — h 
yd 1+h^ 


:)J- 


( 20 ) 


a 


When h = l this reduces to Hill’s formula. 


Table I shows the result of computing the value of logio|^^ j for various 

values of log^o^^j where h = 0*75. The third fine gives the value of logio^^j 

according to Hill’s formula, where Vq is the same in the two cases, but in 
the second a has been replaced by 2 a/(l -f A). It is seen that the two curves 
never differ by more than 0-026 and thus the results of Hill’s experiments 
fit the present theory as accraately as they do the simpler formula which 
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he applied. Fabre’s results, on the other hand, certainly favour the present 
theory. 

The time constant 2 a/(l + A) of the voltage-capacity curve (Hill’s h) 
is interpret^ differently on the two theories. Accordiog to the condenser 
theory this is the constant of the charging process in the nerve, but on the 
present theory a is the charging constant. The same difference was found 
above (19) in the case of constant current stimulation. According to the 
present theory, therefore, a nerve should have the same form of curve both 
for physical charging and for excitation, but the latter should have a some¬ 
what longer time constant. Exactly this result has been found by Harris 
and Rosenberg ( 1935 ) if the development of a given electrotonic potential 
be regarded as a measure of the physical charging. Since, however, the 
assumptions of the present theory require that the charging of the membrane 
should affect infinitesimally the electrotonic potential, it is perhaps unjusti¬ 
fiable to claim support from Harris and Rosenberg’s evidence. However, 
Katz ( 1937 ) has found that the charging rate, as measmed by the exponential 
decay in the excitation remainder foUowing a single weak shock, corre¬ 
sponds to the rate foimd by Harris and Rosenberg and is considerably 
smaller than the constant derived from voltage-capacity excitation curves. 

d—Evaluation of Constants 

We are now in a position to assign numerical values to the constants of 
the foregoing equations. From equation ( 9 ) we have 

JiL 

V -- 

a(l-A)’ 

where v = velocity of conduction = 30 mm./msec. at 20 ° C. 

L = length constant for nerve in air = 3 mm. (Rushton 1934). 

2 a , 

= HlU s i = 0-34 msec, at 20 ° C. (HiU 19366 ). 

Substituting the above values we obtain 

h = 0-75, a = 0-3 msec. 

This is the value which has been assumed for h above in making approxi- 
mations. ^ 

The Safety Factor ( 10 ) = — ■ = 3 

l — h 

The Liminal Length ( 8 ) = -Llog^h = 0-86 mm. 

As it happens this is about the distance between one Node of Ranvier 
and the next. 
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2 —Spatial Coksibbratioks 


If the current is led to and from a nerve by conductors which are not 
small compared to the nerve trunk, we may assume that the current is 
distributed around each fibre with radial symmetry. The current then 
passing across the sheath is given by equation ( 2 ) where E is put zero. 
This formula is essentially the same as the one I put forward ( 1928 ) for 
nerve in fluid, and showed to satisfy certain variations in the spatial distri¬ 
bution of stimulus. The constant L, deduced in the first place from excita¬ 
bility measurement, should have the physical significance 
This comparison has been made (Eushton 1934 ), and, though the accuracy 
of the experiments was not very great, there was no detectable difference 
between L as found by resistance and by excitability measurement. The 
present theory, therefore, appears to account for the general spatial as 
well as for the general temporal aspects of excitation. Three qualifications, 
however, must be made. 

Krst, the value of L is assumed to be the ratio of purely ohmic resistances. 
But we know that nervahas capacity, and B is presumably less for brief 
than for longer shocks. I have in fact found that L is less with briefer 
stimuli, and several workers (Cardot and Laugier 1914 ; Bouckaert and 
Katz 1935 , discussed by Hill ( 19366 )) have found that the time constant 
of the strength-duration curve is less with short than with long interpolar 
lengths, which is another way of expressing the same thing. As we have 
seen (19), even excluding capacity, some difference in time constant is to 
be expected with great or small interpolar lengths, from the different 
equations applicable in these two cases. But the effect thus deduced is 
small, and the sense opposite to that observed. 

The second qualification is due to the connective tissue sheath which 
deflects the current in a manner distinctly appreciable at short inter¬ 
electrode distances. 

The third refers to tripolar electrodes. As has been shown in (18), in 
the symmetrical case, if the distance between adjacent electrodes is less 


than 



== 0-5 mm. (approx.). 


propagation cannot take place. This result may be related to the well-knowm 
observation of Pratt ( 1930 ) and Grelfan ( 1930 ) that a micro-electrode 
intimately applied to a single muscle fibre gives rise to a localized contrac¬ 
tion which will not propagate. Conditions increasing the length excited 
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allow of propagation.. Now the current leaving the fibre at the micro- 
electrode must enter it elsewhere and in fact it enters through the regions 
just either side of the electrode, thus forming a system not unlike the 
tripolar arrangement from which (18) was deduced. 

Two other characteristics of the localized contraction in the basihyoid 
membrane, mentioned by Kato (t 934 ), support the present interpretation. 
Frrst, whenever the localized contraction spread more than 6 mm., it 
propagated throughout the whole fibre. Second, the localized effect was 
less prominent in fresh muscles than in those kept some time in Ringer’s 
fluid, or especially those narcotized. Thus, conditions lowering the Safety 
Factor, as we shall deduce below in (21), increase the hminal length, and 
the phenomena localized within it. 

According to the assumption of an action potential persisting indefinitely, 
it is obviously impossible for the impulse to be propagated in one direction 
only fi»m the point of stimulation, for, as the active length becomes great 
enough, the region on the other side of the electrode wUl propagate. This 
does not follow, however, if we take into account the brief duration of the 
action potential. If the cathode is far feom another electrode, conditions 
will be symmetrical on either side, but if the anode is near, the initial propa¬ 
gation (as we have seen) will be entirely into the extrapolar region. At the 
moment when the stimulus is removed, propagation wiU continue into the 
extrapolar region which is still oathodally charged, but hardly in the other 
direction where the charge is still anodal. Thus, in a short while, when the 
first stretch has become inactive, the new active stretch in the extrapolar 
region will be considerably longer than the new stretch in the mterpolar 
region. And if the former was barely sufficient to continue propagation 
(which is the threshold condition) the latter will be insufficient, and 
propagation will occur in the extrapolar direction only. This will only happen 
with short interpolar distance and threshold strength (tmless we consider 
very strong currents with the classical anodal block). 


3 —^Eleotbio Rbspoitsb 

Any satisfactory theory of nerve activity should describe and if possible 
explain the form of the action-potential wave. In the present exposition 
this whole matter has been sacrificed for the sake of a relatively simple 
treatment. If the theory turns out to be of value, tbia is the direction in 
which it will most need development. 

One further matter in coimexion writh the electric response, however, 
needs consideration. Should an active stretch just less than the liminal 
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length, give rise to an appreciable action potential? Many workers have 
looked for and failed to find an action potential resulting from a just 
subthreshold stimulus. Blair and Erlanger (1936a), considermg just such 
a possibility as is worked out in this paper, conclude that the action 
potential associated with an active length less than cannot exceed 

2 % of the full spike. 

To find the value to be expected on the present theory we note that, 
in the absence of external stimulus, the stimulation at Xg due to the active 
region from to is 

Zi(l-6 ^ }, 

where is the stimulation when Zg+Z^ is great, i.e. the stimulation due 
to a full-grown impulse. But if Z is the Safety Factor, then by definition 
KJ{F + 1) is a stimulation which will barely propagate, and is thus equal 
to the stimulation produced by the liminal length Z. 

Thus 

e^=l+i. (21) 

But the action potential from the mid-point of an active region of length 
Zis 

where is the potential from an active region extending far in each direc¬ 
tion. Hence, when X is the liminal length, the ratio of the “liminaJ. action 
potential” to the maximum action potential is 

( 22 ) 

Now in the section ''Evaluation of Constants’’ the safety factor came to 
3, which when substituted in (22) gives the liminal action potential as 
13-5 % maximal— a. value far too great to have escaped observation by 
Blair and Erlanger. On the other hand, the safety factor is certainly 
greater than 3 . Conduction early in the refractory period and in anodal 
block suggest that 10 is a better approximation (Hodgkin 1937) and 
substituting this in (22) gives 4*7 % maximal for the liminal action poten¬ 
tial. Moreover, it can easily be shown that if this value is approximately 
true and the stimulus is 72. % below threshold, then the resulting action 
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potential expressed in terms of maximal will also he n % less than in the 
threshold case. Thus a 97 % threshold shock in the case above would 
cause an action potential only 1*7 % maximal, and be within Blair and 
Erlanger's limits of error. 

Since the excitation of the liminal length appears to give rise to an action 
potential too small to be recorded, and since the velocity of propagation 
in these circumstances is practically zero, a finite latent time will elapse 
before the action potential reaches a visible size. This latency has been 
found by Blair and Erlanger (1936a), but the capacity of the tissue must 
also play a large part, as they suggest. 

The present theory wdU never stand upon a firm basis until a sub¬ 
threshold shock has been shown to leave a localized action potential, and 
to be followed by a refractory period. The treatment in this paper is too 
simplified for quantitative estimates to carry much weight, but it does 
appear possible that the liminal action potential may he below the hmits 
so far recorded, but that a small extension of those limits will reveal it. 


4—^Accommodation 

Hill (1936a) and Solandt (1936) have shown that the relative meifioacy 
of currents of long duration is accurately accounted for by assuming that 
the threshold for excitation is not constant, but rises according to a first 
order differential equation. It is possible to interpret this by supposing 
that there is some polarizable structure in series with the excitable element, 
and that the observed inefficacy of slow currents is due to their partial 
neutralization by the polarization currents. 

This concept may be apphed equally to the present theory. I have 
recently shown (Eushton 1937) how to use a graphical analysis to solve 
Hill's equation for the effect of accommodation, and this same method 
may be apphed in the two ranges of graphical analysis in the present paper, 
assuming that a nerve accommodates to its own action potential in the 
same way as to an apphed stimulus. It is obvious that in this way accom¬ 
modation may be brought within the scope of the present theory. This has 
not been included in the Mathematical Section, however, partly for sim- 
phcity, but partly because there is an altogether different phenomenon 
which must also be considered. 

If the action potential does not continue indefinitely, but only for some 
2 msec., an adequate stimulus must not only be able to raise to activity 
the hminal length, but it must do this rapidly, otherwise the region first 
excited will already have become refractory before propagation has reached 
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the liminal length. Now the classical idea of accommodation was that 
unless the critical polarization was accomplished within a brief time, the 
strength of stimulus had to be greatly increased, so we may ask whether 
accommodation can be explained entirely on the basis of the refractory 
period of the first excited portion of tissue. 

That refractoriness and accommodation are connected is strongly sug¬ 
gested by the comparisons of Erlanger and Blair (1931a) between the 
relative refractory period and the post-cathodal depression following a 
single subthreshold shock. But refractoriness can hardly explain the anodal 
excitation at the opening of a constant current, and refractoriness is, I 
suppose, still present in a citrated nerve where accommodation is practically 
absent. 

It therefore appears that two distinct phenomena may enter into accom¬ 
modation, first, the refractoriness of the portion of nerve first excited, and 
second, the polarization of some structure by both the stimulus and the 
subthreshold action currents. The relation between relative refractoriness 
and post-cathodal depression may thus have a twofold basis, for the latter 
may be partly caused by the localized refractory period, while the propagated 
refractory period may be due in part to polarization from the action current. 
We should thus expect the post-anodal enhancement following a single 
just subthreshold shock to differ in shape from the post-cathodal depr^sion, 
assuming the former to be uncomplicated by a localized activity followed 
by a refractory period. The effect at the cathode should therefore show 
a greater and more prolonged enhanced period followed by a more marked 
depressed period. This difference is seen in fig. 7 of Erlanger and Blair^s 
paper. 

Disctjssiok 

The present theory has, for simplicity, made two very serious errors in 
assumption. First, the nerve is taken as non-cap€i»citative, and thus all 
the temporal aspects of electrotonus cannot be considered. Second, the 
action potential is assumed to 'rise instantly to its full value and persist 
indeiSnitely, consequently considerations relating to the form of the 
observed wave cannot apply. In addition these two erroneous assumptions 
affect to some extent the quantitative validity of all the conclusions of this 
paper, as has been pointed out in many places above. The results must also 
be modified by considerations of accommodation and localized refractory 
period (as just discussed). 

Finally, it must be stated that there are other and quite different sets of 
assumptions which will give, in a general way, most of the results of this 



242 


W. A. H. Eushton 


paper. The value of the present assumptions is that they are necessary 
deductions jfrom the generally accepted theories of excitation and propaga¬ 
tion. 

In spite, however, of its errors and limitations, the theory has something 
to its credit. It yields, in a fairly manageable form, the results of stimulation 
■with currents of any temporal form whatever, applied in any spatial distri¬ 
bution whatever. It describes in a quantitative and verifiable way the pro¬ 
cess both of excitation and of conduction. If we are given the velocity of 
conduction and length constant L from physical measurements, and also 
in given circumstances the rheobase Iq and time constant (Hill’s h), we have 
all the constants required for the entire working of the theory. Of these 
four constants only Jq and h are arbitrary, the other two are physical 
measurements, thus, in spite of its scope the theory has no more arbitrari¬ 
ness than was formerly required to describe the strength-duration curve 
alone. One may even hope that, with the introduction of assumptions 
as to capacity into the present theory, the constant h may be deducible 
from physical measurements upon charging rate. 

With regard to excitability relations, the theory will describe the 
strength-duration and voltage-capacity curves, with an accuracy as great 
as that of the experiments, and will account for the results of superposing 
shocks in a way that invites attention. 

The chief claim of any theory, however, lies in its suggestions for further 
investigation. To this end the present ideas have been put forward with as 
definite a physical significance as possible. In this way the concepts 
become sharper, more provocative to those inclined to attempt disproof, 
more clearly verifiable for those attracted. The theory offers suggestions 
for experimental correlation over a wide field, and if this is carried out, 
our knowledge should be appreciably extended. 

The ideas developed in this paper have arisen largely out of informal 
discussions -with Mr. A. L. Hodgkin, for whose criticisms and suggestions 
it is a pleasure to express my indebtedness. 

SlJMMARY 

1 —^We assume that a certain depolarization of a nerve at a point is the 
necessary and sufficient condition that an element of action potential 
be generated at that point, and that propagation results from the stimu¬ 
lation of the inactive region in front of the propagated wave by the spread 
of the action current. It follows that excitation is inadequate unless it 
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activates a sufficient length of nerve to give an action current big enough 
to propagate. 

2 — ^In Part I of this paper the matter is worked out on an over-simplified 
scheme. The Mathematical Section ” is separated from the Assumptions 
and the ‘^Conclusions from the Mathematics^’, so that those not interested 
in the technical treatment may yet see in summary form both what is 
assumed (p. 212) and what is concluded (p. 227). 

3— In Part II the theory is applied to a selection of the known observa¬ 
tions upon excitability. The strength-duration curve, the voltage-capacity 
curve, and the effect of two successive shocks, are satisfactorily described, 
including certain aspects which will not fit the classical theories. The 
spatial relations of excitation are also satisfactorily described, iacluding 
an explanation of the non-propagated contraction arising from micro- 
stimulation of single muscle fibres. 

4— The theory, though too simplified in the present form, suggests a large 
number of experiments, in the fight of which further development should 
be possible. 
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Experimental Evidence for a Non-conducted Response 
of Nerve to Subthreshold Stimulation 
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[Communicated hy A. 7. Hill, Sec.E,S,—Received 27 September 1937) 

Intboditction 

It is assumed in most theories of excitation (e.g. Hill 1936 a) that, when 
a critical state is reached at a point of the nerve, ‘‘excitation” occurs and 
then automatically propagates over the whole length of the nerve fibre. 
Since, however, the self-conduction of an impulse involves stimulation 
of each element by the simultaneous activity of a finite adjacent region 
of nerve, it is more natural to suppose that initially also a certain minimal 
length of nerve must be excited by an applied shock, in order to give rise 
to a propagated disturbance. A subthreshold stimulus, therefore, by exciting 
too small a region, might produce a localized response, the spread and size 
of which are not enough to excite resting points further on. 

If such a non-conducted response can actually occur, it might be expected 
(i) to facilitate excitation by a second shock, if applied to the same region 
shortly after the first, and (ii) to be accompanied by a small local action 
potential. Both possibilities can be investigated experimentally, though 
both might be expected to be complicated by the direct effects (electro¬ 
tonus, “local potential”) of the first shock. 

The suggestion of a local response may be obvious intuitively; it follows, 
however, directly from the theory of electric transmission of the nerve 
impulse, as put forward, for example, by Hermann, Oremer, Rashevsky, 
and Hodgkin, and it has recently been worked out in detail by Rushton 
(^ 937 ^)- 

The problem was first approached experimentally by determining the 
time course of the local excitatory process in nerve, using the “double¬ 
shock” method. Later, direct electric evidence was sought of the local 
unpropagated response. 


[ 244 ] 
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I —^The Local Excitatoey Disteebaxce Following a Beief Shook 

Excitability measurements by the successive application of two shocks 
have frequently been made (e.g. Gildemeister 1908 and Erlanger and Blair 
1931); usually the effect of a subliminalconditioning'’* shock was tested 
by applying, after various intervals, a second superthreshold shock and 
measuring the changes produced in the size of response (muscle twitch— 
Gildemeister: action potential—^Erlanger and Blair), This method yields 
good qualitative information, and reveals, moreover, the moment at which 
a period of enhanced or depressed excitability is terminated or reversed. 
During the present investigation, however, the size of response was kept 
constant and the change of threshold was measured. 

Method 

Electric Circuit —^Repetitive brief condenser discharges were used as 
conditioning and as testing stimuli {S^ and 8^^ respectively). The circuit 
is shown in fig. 1. The time constants RC of the shocks were of the following 
order: At room temperature, 3-10 /^sec.; 8^, 13-20/4sec.; at low tem¬ 
perature, jSj, 5-20 /isec.; 82, 24-40 /tsec. The testing shock 82 was necessarily 
slower, because, with the arrangement used, its discharging capacity was 
determined by (Ci + Cg). The stimuli, in particular 8-^^ were effectively 
within, or very close to, the range in which theconstant quantity relation ” 
holds. The strength, therefore, of the conditioning shock 8^ could be adjusted 
by means of a variable calibrated condenser while keeping the voltage 

at a fixed value. When working with conditioning shocks only one or 
a few per cent above or below threshold, it proved very convenient to 
adjust the required strength by a Sullivan air condenser, the scale of which 
gives divisions of 5 [ifiE. The values of the voltages, capacities and resis¬ 
tances employed are given in the legend of fig. 1. 

Measurement of Interval ^—^For many experiments, a Pye commutator 
with two adjustable rings on the same shaft was used, at about 20 rev./sec. 
The interval between the two shocks was varied by shifting the middle 
brush around the surface of one ring, and measured after each setting with 
an electric method as described by Bugnard and Hill (1935). Intervals 
could be employed down to about 70 /6sec., though they generally ranged 
between 100 and 2000 /fcsec. 

The accuracy of the method was limited by a certain ‘^zero error’* 
involved in determining the interval. If the contacts were watched carefully 

♦ {Added in proof.) Owing to an error in the calibration, the absolute time 
values given below require a correction of +9%. 
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and kept clean, this error was small and usually well below 30 /fsec. 
Actually, the difference between the time constants of conditioning and 
testing discharge introduced an apparent “zero error” of opposite sign, 
so that the net error was small compared with the time taken by the changes 
observed, provided that the experiment was made at a low temperature. 

In a later series of experiments, a commutator, designed and constructed 
by Mr. A. C. Downing, was used. It contaius several rings fixed on the 
same shaft. The interval could be adjusted, without stopping the motor, 
by sliding the contact brushes around the surface of the running commutator 
rings, and was read directly by means of a pointer sliding, together with 



i D of circuit used for the application of two short shocks. A^, B,, O, 

ana .Aj, C7„ terminals of the two re^ective commutator rings. F,, F. and F-,, F« 
resistive voltages and capacities (F^ and Fj variable; voltages, about 10-20 V* 
conden^, ^lOm/tF.). 1000-2000<y shunt; 60000a) series resistance. F, 
whS^'o^aS^® ^ attached lever. K, Morse key; stimulation 


the brushes, along a concentric millimetre-scale, of 12 in. radius. At 
20 rev./sec., therefore, each division corresponded to about 26 /tsec. The 
scale was calibrated, using a microammeter, as in the other experiments- 
m the same way, the “zero position” of the brushes was frequently tested! 

Preparoiiojt—Sdatic-gastrocnemius preparations of Hungarian Barn 
esouletOa were used, and minimal muscle response was taken as threshold 

electrodes and parafifin-wax chamber, as described by 
Hill, Katz and Solandt (1936), were employed. 


Results 

m pimcipal results wffl be iUustrated as in fig. 2, threshold difference 
beWn resting” and “conditioned” nerve bemg plotted against interval 
beWn conditioning and testing shock. In this way, the time course of 
the local excitatory disturbance”, as it is usuaUy cahed (Lucas 1910- 
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Hill 1936 a, 6), is represented, its amount, at any moment, being proportional 
to the ordinate. Recent excitation theories (Hill, Rushton), however, 
attribute a more explicit meaning to such “excitability” curves, which 
must be considered before going into experimental details. 



2—“Excitability curves” obtained with three different conditioning shocks 
Strength of successively fcom above: 0*95, 0*5; — l-O. Experbnent of 30 April 
1937. Temp. 5*6® C. In this figure and in figs. 3,4, 9, hollow circle: series of observa¬ 
tions from short to long intervals; fall circles; reverse series. For further explanations 
see text. 


According to Hill (1936a, 6), a very short shock raises the “local potential” 
under the cathode above its resting level by an amount proportional to 
the applied electric chaise, and then F falls exponentially to its initial 
value, with a time constant characteristic of the stimulated nerve. If V 
ever reaches a critical level D", then excitation occurs. The ordinates of 
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fig. 2 should give us, therefore, at any moment, neglecting a slight accom¬ 
modative rise of 17 , a relative measure of the alteration of ‘ ^ local potential ’ 
(F-1^) left by the conditioning shock; the curves shoxild aU be similar and 
should represent the exponential decay of (F-Tq) immediately under the 
cathode. Evidently this may apply quite well to the two lower curves in 
fig. 2 , but not to the upper one obtained after a shock 5 % below threshold, 
which has a definite ‘"hump”. 

The situation becomes somewhat different if we assume that a short shock 
must excite a certatu minimal length of nerve in order to produce a propa¬ 
gated response (Rushton 1937c). The strength of the test shock must then, 
at any moment, be adjusted so as to produce a critical depolarization 
(in Hill’s terms: to make F equal to U) at the margin of this critical length. 
If the excited region were too small, then a non-conducted response might 
occur, which, though unable to propagate itself, might sum at any moment 
with the remaining “local potential” and lower the threshold for a second 
stimulus. “Excitability” curves as in fig. 2 would then trace the time 
course of the “total excitatory disturbance” at some critical distance from 
the cathode (i.e. the sum of (i) an exponentially decaying “local potential” 
and (ii) an assumed “local response” (or “local action potential”) generated 
by the activity of a sublimiaal length of nerve). 

On this hypothesis the meaning of fig. 2 becomes evident: the two lower 
curves show the simple exponential decay of the “local potential”, while 
the “hump” of the upper curve (conditionmg shock 5 % below threshold) 
represents the “local response”. 

AotTially the spread of “local potential’^ produced by an instantaneous shock, 
over the critical distance considered, would not take place instantaneously. There 
would be a certain lag between the end of either shock and the attainment of Fmax 
at this distance. Judging, however, from Bogue and Rosenberg's ( 1934 ) results the 
initial delay in the development of electrotonus at 1 or 2 mm. distance from the 
cathode occupies only 0*1 msec, or less, and would be the same for test shock as for 
conditioning shock. 

The results, according to strength and sign of the conditioning shook 
{E-^ = 1-0 being threshold), can be divided into four groups: 

(i) weak cathodic shocks, producing merely a “local potential”, but 
no detectable response; 

(ii) stronger but still subthreshold shocks, after which a local response 
can be traced; 

(iii) anodic stimuli, which, of any strength, merely build up a—^negative— 
“local potential”; and 

(iv) superthreshold shocks, which elicit self-propagating responses. 
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The majority of the experiments were made at low temperature, at 
which, owing to the larger time scale of the nerve, more accurate observa¬ 
tions were obtained. Apart, however, from the absolute value of the time 
factor, no essential differences were found between different temperatxzres. 

Group (i)—^Using cathodic conditioning shocks of half or less than half¬ 
threshold strength, the fall of the '‘excitability curve” follows, within 
the limits of experimental error, a simple exponential relation (figs. 2-4). 
The time factor was determined from the slope of the straight fine which 
results from plotting semilogarithmically. Comparing the effect of = 0-5 
and E-^ = 0-3 in the same nerve, similar exponential curves, with identical 
time constant, are found. This satisfies the fundamental equation of Hiirs 
"local potential” theory (Hill 1936a, p. 317): 7-T^= The time 

constant however, is smaller than the ordinary values obtained from 
a voltage-capacity curve when taking a propagated response as threshold 
index. The mean value of fifteen experiments at 19-5° C. was 180 /tsec. 
(varying between 110 and 345/^sec.); at C., thirty-seven experiments 
had a mean Tc of 400 /^sec. (210-635 /6sec.). These figures are only about 
one-half of the ordinary k values; they agree, however, more closely with 
the tune constant found by Harris and Rosenburg (1935) when taking 
a catelectrotonic peak potential as index, and not a propagated response. 
At room temperature, Harris and Rosenberg found k = 170 /tsec.: at low 
temperature, comparable data are not available yet. 

Remembering, however, that "excitability” tests presumably refer to 
events at some little distance away from the cathode, the time constants of 
electrotonus, and of "local potential” as determined in these experiments, 
may not be strictly comparable. 


It is of interest to compare the temperature coefficients of these three phenomena, 
especially since it has been pomted out (Monnier 1934 ; Gasser 1937 ) that the elec¬ 
trotonic potentials are much less affected by temperature changes than any “true” 
excitatory process (Bogue and Rosenberg found for the rate of rise of the electrotonic 
potential a Qio 1'2» Hfil ( 193 ^ h) a of 1-8 for his time factor k). The time factor 
of the “excitability decay” showed—^rather like that of ordinary strength-duration 
curves—considerable, individual and seasonal, variation: “winter frogs” at 18° C., 
average 185/4sec., at 4*5° C., average k=4S0 jusog.; “spring frogs”, at 21° C., 
average ^=175/isec., at 6 °C., average h=2S0ptsec. Obviously, the influence of 
temperature must be studied on the same nerve. This was facilitated by the use of 
Downing’s commutator, allowing a much quicker performance of each experiment. 
A preparation was soaked for a few hours, and then either (a) was set up successively 
on electrodes in separate cold or warm chambers, or ( 6 ) was left in a single chamber 
used successively at two temperatures. The first procedure was quicker, because 
it avoided the slow cooling of the chamber; the second, however, was more reliable, 
since possible local variations of k along a nerve were elLmmated. 
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A suimnary of these experiments is given in Table I. The temperature coefficient 
varied, even in the experiments where no progressive change was found; the average 
Qio in the last four experiments (the most reliable) was 1-5, definitely smaller than 
that of k obtained from the stren^h-duration curve (Hill 19366 ), though larger than 
Bogue and Bosenberg’s value. 

Table I— ^Tempebattjbe Coefficient of Decay of 'Tocal Potential’’ 

Experiments with two separate, hot and cold, chambers 


Temp. ® C. 

22 

6*9 

21-5 

6-9 

21 

6*3 

19-8 

6-4 

20 

5*5 

21-5 

6*3 

k, /isec. 

Qio 

140 

240 

1-55 

110 

266 

196 

1-23 

260 

345 

285 

125 

440 

240 

205 


Two preparations of same frog. 
Gross progressive change (shor¬ 
tening of k) prevents deter¬ 


mination 


Experiments with single stimulating chamber 


Temp. ° C. 

5*2 

22-4 

6-0 

6 - 8 * 

7-3t 

21-2 

4*5 

3*8 

20 

4*5 

7 

21-3 

6 

k^ / 4 sec. 

325 

146 

295 

250 

245 

120 

316 

300 

170 

275 

260 

165 

270 

Qit 


1-55 



1*64 



1*4 




1*44 


* 2 hr. interval. f 2^ hr. interval. 


The fact that this time constant, as well as the eleotrotonio one, is smaller 
than Hi ll s fe, is readily explained by the intervention of a local response 
(of. Rushton 19376, c). A isimilar explanation has been proposed already 
by Harris, Rosenberg and Sager (1936). A rbeobasic current, even if it 
excites primarily only a minute region, -would foster the new-born local 
response and help it to spread over adjacent parts, till it reaches propa- 
pting strength. A short shock, however, unless it be made so strong that it 
immediately excites the whole criticallength, wouldgenerate alocalresponse, 
which, finding little support by the rapidly decaying “local potential”’ 
would be too feeble -to propagate. The amount of “ local po-tential ”, therefore, 
required for 'propa^atim,, is higher with short shocks than with constant 
current; md, since the ratio Qo/Jj, (m inim u m electric charge -with short 
shoeks/minimum constant current) determines the time factor h of the 
strength-duration curve (Hill 19360), h wfil be found larger, when the 
required index is a propagated response, than it is for a given “local 
potential”. 


The ^©renoe m might also be explained on this basis: According to Gasser 
( 1931 ), the strffligth of the impulse decreases -with temperatxire (below 20 ® C.). If the 
activity at ea^pomt of a iierye is weakened, then clearly a brief shock must excite 
a greater Iraigth of n^e, if it is to produce a sufSeiently strong, self-supporting 
response. Con^uently, the discrepancy between the two time factors should be 
greater at low temperature, which would lead to the different values of 
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Group (ii )—^When the strength of the conditioning shock is greater 
than 0*5, the form of the curve changes (figs. 2-4). There are conspicuous 
humps” with jEJi== 0-86 and above; with intermediate intensities {Ei 
= 0*5-0*75) one may find merely a slowing ofthe excitability decay, without 
very obvious change in its exponential form; a just perceptible delay, 



3—“Local potential” and “local response”. Experiment of 18 March 1937. 
6® C. Excitability curves as in fig. 2, with =0*96 and 0*5. Analysis of upper curve 
shown in broken lines. Lower figure: results with = 0*5 plotted semilogarithinioally; 
the slope of this line gives 380 /tsec. 


however, is often present even with E^ = 0*5. These deviations occurring 
only at the cathode, and detectable only above a certain strength of 
stimulus, indicate the presence of the predicted local response, adding 
its eiBfect to the exponentially decaying ‘Uocal potential . To trace the 
shape of the former, all that is necessary is to subtract the latter, the time 
constant of which was found with weak conditioning stimuli, from the 
‘Hotal excitatory disturbance”. 

VoL CXXIV—B. ^ 
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As a matter of routine, the curve for = 0*5 was used in most cases as 
the “standard curve” of decaying “local potential”, serving as analyser 
of the others. This procedure is only approximate, since even with — 0*5 
a slight local response may be present; for reasons of experimental accuracy, 
however, this is preferable to the use of still weaker conditioning shocks. 

One obtains then curves as in fig. 4, showing the size and time relations 
of the supposed local response to various subthreshold shocks. 

Some interesting details require comment. The local response increases 
in amplitude, as well as duration, and its rising phase becomes longer, as 
the strength of the stimulus increases. Plotting the peak value of the local 
response (actually the maximum percentage of threshold change produced 
by it) against intensity of conditioning shock, one finds a relation (fig. 5) 
showing a “threshold” and then rising at an accelerating rate, till the local 
response reaches propagating size. 



Fig. 5—^Relation between maximum height of local response and strength of stimultis. 
Ordinate: maximum percentage change of threshold, due to local response. (With 
1 * 0 , the point of inflexion has been taken as the “critical maximum*’ of local 
response.) Abscissa: percentage strength of conditioning shock. Most of the data 
are mean values of several experiments: number of experiments for each value 
(successively from above): 9, 11 , 22 , 2 , 1 , 5 , 6 , 


Fig. 4—^Time course of excitatory disturbance and of local response (cf. Katz 1937 , 
fife, i). The data are taken from a number of typical experiments, performed on 
different preparations. Ordinate as in fi[g. 2. Abscissa: t/k, where k is derived from the 
curve with — in each experiment. F?j, successively from above: 1*2, 1*1, 1*05, 
1*01, 1*0; 0*99, 0*95, 0*85, 0*75, 0*5, 0*3; -0*5, -1*0, -2*0. 

Fig. 4a (Inset)—Shape of local response, obtained by subtracting the exponentially 
decaying “local potential” from the respective curves in fig. 4. 

successively from above: 1*05, 1*01, 1*0; 0*99, 0*95, 0*85, 0*75. 


S2 
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This relation has a very gradual and slow initial rise from its base-line. 
There is clearly a limiting intensity below which no local response at all 
can be detected; the threshold, however, for local response is not sharp, 
and it is difficult to say what strength of stimulus would just excite ‘^at 
a point” only. 

On the other hand, the relation becomes steep near to threshold for 
propagated r^ponse, which involves ceirtain experimental difficulties when 
working with conditioning shocks only 1 % below, or equal to. threshold 
strength. 

Slight spontaneous threshold changes, or inaccuracies in the adjustment 
of El, may then cause an appreciable “scatter”, and actually this could 
not always be avoided. Such “random scatter”, however, if present, 
affected only the later (falling) portion of the excitability curve, while its 
initial part was accurately determined, and, in any case, was not large 
enough to disguise the general shape of the resulting relation. 

The precautions taken to reduce these inaccuracies were as follows: 
(i) the size of the threshold index was carefully kept constant; usually 
a minimal, single or repetitive, response of the gastrocnemius, detectable 
by the movement of an attached lever, during stimulation periods of 
a few seconds, was taken as index; (ii) by means of the variable Sullivan 
condenser, a quick and fine adjustment of Ei was possible. Threshold 
determinations with Ei alone, and with Ei+E^, were repeated alternately, 
in Older to control spontaneous threshold changes. 

Another possible error must be considered. It is well known (see e.g. Hill, Katz and 
Solandt 1936 ) that subliminal pulses repeated at a rather low frequency may gradually 
become effective, due to some slow process of local “facilitation’*. Such subliminal 
facilitation was often observed, and then the respective thresholds of and E 2 , 
determined separately, might possibly be lowered by some per cent when both 
shocks are applied together. Tinder certain conditions, therefore (namely, when 
conditioning and test shocks are both close to threshold), might conceivably become 
effective owing to additional facilitation caused by the preceding test shock, or 
might be lowered due to additional facilitation by E^. The effect would be to raise 
somewhat the final level to which the excitability curves tend to return. Actually, 
intervals not greater than about 2 msec, were used, since the phenomena investigated 
occur within this period. By this time (low temperature) the effect of jE7i= 0*95 had 
usually decayed to about 5 %, that of J5'i=0*99 to 10-15 % of threshold, both curves 
still tending to faU (figs. 3, 4). If the decay is quickened by the use of a small inter- 
jx>lar distance (p. 260 below) the residual effect of E-i = 0*99 may have almost com¬ 
pletely disappeared after this interval. It is unlikely, therefore, that any serious 
error is caused by mutual facilitation of conditioning and test shocks, even when 
both stimuli are close to threshold. 

The presence of the local response explains another phenomenon, which 
has recently been described also by Fabre ( 1935 ), viz. the “non-linear” 
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increase of the excitatory effect with strength of stimulus (fig. 6 ), if tested 
at some given time after its start. Fig. 4 shows that while the immediate 
excitatory effects of short shocks are approximately proportional to the 
applied charge, this relation becomes more and more curved as time goes 
on and, at last, the residual effects of weak shocks may be zero, while with 



Fig. 6 —Relation between size of excitatory disturbance at a given moment and 
strength of conditioning shock (cf. Fabre’s ( 1935 ) “non-linear’’ increase of excita¬ 
bility). Data are taken from fig. 4, at interval t=h. Ordinate: Abscissa: 

El. Note the discontinuity of the slope of this relation at the origin, corresponding 
to a somewhat different time constant at cathode and anode (see p. 257). 

stronger shocks a considerable remainder, due to a local response, is still 
left. 

Here it ib difficult to say with what current strength the “non-linearity”, 

i.e. the increasing growth of excitability, starts. Even between = 0*3 and 0*5 the 
relation may bend up slightly. 

The Graduation of the Local Response—^It is obvious, as already pointed 
out by Adrian ( 1933 )^ that the size of a non-conducted response, localized 
in the stimulated region, would depend upon the strength of the applied 
stimulus. The various factors involved may be appreciated best if we con¬ 
sider the local response as a secondary ‘‘local potential”, built up not by 
an applied current, but by “local action currents ” flowing along the outside 
of the fibre jfrom the resting to the active region (Hodgkin 1937 fig. 9 ). 
One can then reconstruct, by means of a graphical analysis (Rushton 
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i^yjb)y the form and relative strength of an equivalent stimulating current 
from the observed excitability changes: the result is shown in fig. 7. It 
suggests that the local action current is equivalent to a short electric 
current pulse of abrupt start and gradual disappearance, which gradually 



Fio, 7—Local action enrrent, expressed as equivalent applied current, producing 
the effect shown in fig. 4a. Applying Rushton’s ( 19376 ) graphical analysis, the form 
of an electric stimulus has been traced, the effect of which, according to Hill’s 
( 1936 a) theory, would be identical with the obtained local response. Full lines: 
local responses with ^i = 0*99, 0*95, 0*85. Broken lines: electric pulse by analysis. 
Ordinate: (a) full lines, as in fig. 3. ( 6 ) broken lines, hhl, where 6 is a constant, and 
J proportional to the strength of a stimulating current which, when applied through 
the same electrodes, would produce a “local potential” as shown by the fuU lines. 


builds up a ‘"local action potential”, just as an applied slow condenser 
discharge would gradually build up a “local potential” (Hill 1936 a). 

As jBj increases, the strength and duration of this secondary, intrinsic, 
stimulus also increases. The increment of local response with strength of 
applied stimulus {fig. 5) is, therefore, caused by at least two mutually 
assisting factors: (i) greater strength of the local action currents, (ii) activity 
being maintained for a longer time. 
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It remains to be asked whether the increase in strength of the local 
action currents is due entirely to the increasing length of the excited region 
(Rushton 1937 c), or also to graded activity at any point. 

It is implicitly assumed by most excitation theories that the local change (reduction 
or abolition of the resting potential), associated with activity, takes place suddenly 
and completely, as soon as a critical level of depolarization, at any point, is reached. 
It should be borne in mind, however, that the whole of the evidence for the ail-or- 
nothing law and for the existence of a “critical threshold” refer to the propagated 
disturbance only and not to excitation at a given point. It is possible that local 
activity is not an all-or-none response to the applied stimulus, but increases gradually 
with increase of the latter. 

Group {in )—^Excitability curves obtained with various anodic con¬ 
ditioning shocks (jE?! == — 0-6 to —2-0) are aE similar in shape: the return 
of the ‘‘local potential” to its base-line is approximately exponential 
and never shows a “hump” as with the stronger cathodic shocks (figs. 2 
and 4 ). 

This provides good confirmatory evidence that the “humps” on the 
cathodic side are reaEy due to response and not, for example, to a physical 
distortion of the local excitatory currents by some interstitial tissue 
membrane (see Blair and Erlanger 1936). In the latter case, the deviation 
firom the theoretical exponential decay not only should be proportional 
to the applied current strength, but also should be observed symmetricaEy 
at cathode and anode. * 

The form of the anodic excitabiEty curves was often not' exactly ex¬ 
ponential, showing a relatively too rapid initial decay and then tailing off 
more slowly; the time factor could then be deter m ined only approximately. 
Furthermore, a s lig ht “disproportion” could often be detected when com¬ 
paring the effects of different anodic shocks at a given interval: that is to 
say, doubling the ordinate distance for — 0-5 gave a slightly larger 
value than actuaUy found with = —1-0, and doubling this gave slightly 
more than observed with — 2-0. This effect, however, was smaE and 
possibly due to experimental error. 

Figs. 2 and 4, and Table II show that the decay of the “local potential” 
was consistently quicker with anodic than with cathodic shocks. This 

Table II— ^Tdoi Factor of “Local Potential” 

AT Anode and Cathode 

{j^i=0-5and -0-5 to -1*0) 

Temp, ° C. 3-9 3*0 4-3 3-9 6-0 5-0 5-3 7-0 6-9 5-5 Mean 5® 0. 

Jfecath. 390 425 460 400 350 285 425 400 240 440 386/iS8C. 

;ban. 270 300 270 290 250 150 250 265 175 340 255/«S6C. 
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difference may simply be due to stimulation of different fibres by the test 
shock after cathodic and anodic conditioning, though other factors may 
also be involved. If, for example, there are a number of fibres with approxi¬ 
mately equal threshold (for a short shock), but different time constants i, 
one would have, for two opposite shocks (say and — 0 - 5 ), 

a distribution of excitability curves as shown in fig. 8. Since the test 
shocks select those curves with the smallest ordinate distances from the 



Fio. 8—^Diagram illustrating the possible influence of various fibres with different 
time constants, on the excitability curves observed at anode and cathode. 

threshold, one would necessarily detect the “ slowest ” fibres at the cathode 
and the ''quickest"’ at the anode. This may be decided by working with 
single fibre r^ponses. 

Group (it;)—^The experiment can be continued to superthreshold con¬ 
ditioning shocks {J?i> 1-0), since it is possible then, as Blair and Erlanger 
{1936) have shown (cf. also Dittler 1925; Colie 1934), to prevent propaga¬ 
tion by applying anodic test shocks, even after a considerable interval. 
During this period, therefore, the time course of the "total excitatory 
disturbance” was tested, by determining, at any moment, that strength 
of an opposing shock which just allowed propagation to occur. The resulting 
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excitability curves (fig. 4 ) again represent the sum of (i) the decaying ""local 
potentiar’, and (ii) a local response of the nerve, which gradually evolves 
to propagating size. The curves rise at an accelerating rate, which increases 
with the strength of the conditioning shock. 

These curves have a special interest, since the amount of anodic charge, 
required at any moment to suppress conduction, gives us a direct measure 
of the initial development of the ""safety margin"’ (Hodgkin 1937a; Rushton 
1937c), with which the ""full-grown” impulse propagates itself. If the local 
response, building up gradually and supported to some extent by the 
decaying "‘local potential”, becomes strong enough to excite adjacent 
points, then their activity will add and contribute to an increasingly rapid 
growth of the “safety margin” up to its normal size. 

The shape of the local response and its gradual transition into a propa¬ 
gating impulse is traced again by subtracting the ""local potential” which 
subsides with time constant h, from the excitability curve (fig. 4 a). It is 
particularly instructive to compare a response which is just able to propa¬ 
gate (£?i = I'O) with a local response just failing to do so = 0 * 99 ). The 
initial development is very similar in both cases; then, however, the latter 
passes through a maximum and gradually declines, while the former passes 
through a point of inflexion after which it rapidly grows up. 

With = 1-0, the inflexion was observed, on the average, at an about 25 % higher 
level, and at nearly the same time (at 5® C., 620 and 610 /tsec. respectively, though 
with differences of ± 100 /isec.) as the crest with JS7i=:0*99. The inflexion occurs the 
earlier the stronger the conditioning shock; it is then diBScult, however, to determine 
its position, because the curves become very steep from their beginning. 

The fact that a given “safety margin” is reached earlier the stronger the 
applied stimulus, is demonstrated more clearly by fixing the strength of 
the opposing shock, and finding, for any interval, the propagating strength 
of the superthreshold ‘"conditioning” shock (fig. 9 , cf. Blair and Erlanger 
1936). The result illustrates again that, with shocks just above thr^hold, 
a slight variation in strength of stimulus causes a very marked change in 
the rate at which a propagating impulse evolves. 

Experiments on Non-Medulla^ Nerve —^It was of interest to repeat 
these experiments on non-medullated nerve. Limb nerve-muscle prepara- 
tior^ of Garcinus maenas (Pantin 1934; Katz 1936&) were used, and the 
response of the flexor muscle of the dactylus taken as index. In this way 
one is able to reduce, or even to eliminate, the effects of stimulating different 
fibres, since crab-limb muscles are known to consist of very few motor 
units, possibly even of only one. The nerve was dissected out along the 
meropodite, and placed on wooden strips soaked in crab-Ringer’s solution 
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and connected to calomel half-cells. Repetitive double shocks, at 20 /sec. 
were applied, as described above (2000a> shunt, 5000 w series resistance, 
and F^ as before). The response of this muscle, at 20° C., to 20 nerve 
impulses per sec. is very weak; by suitable arrangements, however (viz. 
observing the movement of a light lever, attached to the dactylus, against 
a fine mark), it could be used as threshold index in most preparations. 

The results of excitability measurements are, in all essential points, 
very similar to those recorded on frog’s medullated nerve. The duration of 
the excitatory disturbance is, for the same temperature, greater than in 



Fig. a —Relation between strength of superthreshold shock and time required for 
reaching a given “safety margin”. The “safety margin” is fixed by makmg the 
strength of the second shock JS' 2 = —1*0. Experiment of 9 March 1937. Temp. 4*5® C. 
Ordinate: strength of E-i required. Abscissa: time, at which E^'=. — 1*0 no longer 
prevents propagation. 

frog’s sciatics, though the differences are not very great: the time factor 
of the “local potential”, for example, averaged, in twenty-two experiments 
at 21 * 5 ° C., 250 /esec. (comparing with 180 /«sec. in frogs). With stimuli 
near threshold, distinct “humps” occurred, while no such divergences 
were oteerved on the anodic side. In contrast, however, with frog nerves 
no significant difference was found, between anode and cathode, in the 
time factor of the “local potential”: this supports the suggestion (p. 257 ) 
that this difference is only apparent and merely due to taking the index 
of r^ponse from different fibres. 

The Effect of SmuU Interpolar Length —^Information on the effect of small 
interelectrode distance was derived mamly from three experiments at low 
temperature, a summary of which is given in Table III. 
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Long distance 

Local rehouse 
with JSJi = 0*99 

Maximum 


Short distance 


Local r^ponse 
with -^1 = 0*99 

Maximum 


Temp. Dist. height (% of Crest at Dist. height (% of Crest at 


°c. 

mm. 

k /iseo. 

threshold) 

tfisec. 

mm. 

h /isee. 

threshold) 

i ftsec. 

•4 

26 

400 

71 

700 

1 

160 

81 

450 

3 

29 

310 

75 

650 

1-5 

170 

82 

400 

3*5 

26 

305 

70 

550 

2 

160 

84 

450 


Reducing the interpolar length (e.g. from 20 to 2 mm.) modifies the results 
in various respects. The time constant of the decaying “local potential” 
{El = 0'5) is reduced to about the same extent as the time constant h 
of the strength-duration curve. ‘ Rheobase ” and ^ ‘ short shock threshold ” 



Fig. 10—^Local responses with j&i=0*95, obtained with small {A) and large (B) 
interpolar length. Experiment of 23 March 1937. Temp. 4® C. 

were measured in these experiments so that i(= Hill 1936a) was 
known.) “Overlapping” of cathodic and anodic region with small interpolar 
distance (Rushton 1934) and a continued lateral spread of the subsidi ng 
“local potential” would explain (i) the reduced efficacy of the stimulus, 
and (ii) the quicker decay of its excitatory effect. 

Shape and size of the local responses (fig. 10) are similar to those found 
with long distance, though differing in some interesting detail. The duration 
of the rising phase is shorter, the rate of rise quicker, and the peak value 
larger than with long distance. It seems reasonable to suppose that, with 
small interpolar length, a larger local response is required to ^t up an 
impulse, since the “localpotential” disappears more rapidly and, therefore, 
giv^ less support to the developing action potential. 
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At room temperature, similar phenomena but occurring quicker were 
observed. An interesting eflfect was found when applying anodic con¬ 
ditioning shocks. After a very short time, the residual effect of the con¬ 
ditioning shock was reversed, i.e. applying two successive shocks of 
opposite direction through a small interpolar length produced a distinct 
local summation. Actually, this phenomenon might have been expected 
from the previous results. The ‘‘local potential”, at each electrode, falls 



/isec. 

Fig. 11 —^Interference of two opposing phenomena, when an anodic is followed by 
a cathodic shock through a small interelectrode distance. Full line: observed 
excitability curve with = “0*95 (room temperatiire). Broken lines: lower curve, 
“local potential ” produced by at the “tested point Upper curve: local response, 
caused by Bj^ at the opposite electrode, spreading over to the “tested point”. 

rapidly to a small value, while a local response evolves at the cathode, which, 
tiiough unable to excite, raises the excitability of the adjacent region. 
The second shock, therefore, tests actually the combined effects of (i) a 
disappearing anodic “local potential” and (ii) the spread of a very close 
local r^ponse, the centre of which is only 1-2 mm. away. The supposed 
interaction of these two opposite processes is illustrated in fig, 11. 

These, however, may not be the only factors involved. If the difference 
d^ribed above in the decay of “local potential” at cathode and anode 
be genuine, and not merely due to different fibres, it may account also for 
spatial and temporal summation with shocks alternating in direction (cf. 
also § II). 
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II — AccmSXTLATINQ EFFECTS OF LOCAE RESPONSES BTTEING ALTEBNATING 
High-fbeqxtency Stimtjlation 

The preceding results allow us to predict, at least qualitatively, what will 
happen when a battery of short alternating shocks is sent through a nerve 
at a sufficiently high frequency. 

(i) Summation —^Although the small local response following the first 
shock may be quite insufficient to propagate, it may sum with those pro¬ 
duced by subsequent shocks and may soon become strong enough to set 
up an impulse. The threshold intensity, therefore, for"" critical propagation ’’ 
should be lower for high-frequency stimulation than for a single shock. 

(n) Secondary Threshold Changes —^A frequent succession of local action 
currents may be expected to produce slow after-effects (post-cathodal 
depression, accommodation, electrotonic excitability changes), very similar 
to those of a subliminal constant current or repetitive one-way pulses 
(Hill 1936a). 

Such predictions, of course, cannot be tested with high-frequency one¬ 
way discharges, because the summation of direct stimulating effects (see 
Bugnard and Hill 1935 ; Hill 1936a) would then seriously interfere with, 
and perhaps altogether disguise, the phenomena sought. The proper 
method, however, would be the application of alternating high-frequency 
shocks or sine-wave currents, which, according to the classical theories, 
produce merely alternating changes in the ^Tocal potential”, but no local 
summation or cathodal after-effects. 

If, therefore, the predicted “one-way” phenomena can be observed with 
high-frequency alternating stimulation, one may suspect them to be due 
to the small local action currents adding to the excitatory effect of the 
cathodic half-cycles. 

Summation of Excitcdory Effects with High-frequency AUernaiing Current — 
The fact that threshold excitation by high-frequency alternating current 
involves the summing effects of many cycl^ was discovered some time ago 
by Gildemeister (1930). Later, it was found by Hill, Katz and Solandt 
(1936) that, at high frequency, the observed threshold/frequency relation 
falls considerably below Hill’s theoretical curve. This divergence was the 
actual starting-point of the present research. The results of a careful study 
from various quantitative aspects suggested that, with thr^hold stimula¬ 
tion at a high frequency ( 3000 - 10 , 000 /seG. at 20 ^ 0 .), the total excitatory 
effect of each cathodic half-cycle is greater than the depressing action of 
the anodic half-cycle. Hue presumably to the intervention of this enhancing 
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factor, the threshold is lowered to about one-half of Hill’s theoretical value; 
incidentally, therefore, the optimum initial effect of a high-frequency 
alternating current (Hill 1936 a) is no greater, or not much greater, than its 

steady” effect. 

Reference to methods and experimental details must be left to a later report. 
At first I thought (cf. Gildemeister 1930 ) that some “rectification” of the “local 
potential” at high frequency might explain the divergences from theory. This view 
was abandoned during the course of the later experiments, which have been described 
in this paper. Primarily, I owe the present concept to a discussion, at that stage, with 
Dr. Rushton and Mr. Hodgkm, who were just working out the theoretical aspects of 
the present problem. 

Spatial Summation of Local Response with Small Interelectrode Distance — 
A particularly significant effect can be predicted if high-frequency alter¬ 
nating current is applied to a small interpolar length of nerve. It has been 
shown already that two alternate shocks following each other at a short 
interval give a local “summation” effect if the electrodes are only 1 or 
2 mm. apart. A local response at one electrode raises the excitability at 
the other electrode if their distance is small. 

If such alternate stimuli are repeated at a high enough frequency, the 
local response from both electrodes, growing simultaneously during a series 
of cycles, will assist each other in setting up a propagating impulse. This 
is best illustrated by the fact that the threshold difference between large 
and small interelectrode distance, found with a single short shock, may be 
completely cancelled or even reversed, when the same shocks are applied 
in a high-frequency alternating succession. This will be described in a later 
paper. 

Oatdectrotonus and Accommodalion as a Consequence of Local Activity — 
The occurrence of local action potentials is confirmed by the fact that 
subthreshold alternating currents at high frequency (e.g. 5000 /sec. at 
20° G.) produce definite postcathodal effects (catelectrotonic excitability 
changes, accommodation), detectable only above a certain current strength. 
The experimental conditions must be suitably chosen. At room tempera¬ 
ture, the “one-way” effects of alternating current become marked above 
1000/sec.; an appropriate frequency, at which these phenomena can readily 
be studied, is 5000 /sec. 

A subliminal prolonged alternating current at this frequency causes 
after-change in excitability, quite similar to those produced by a sub¬ 
threshold constant current. The latter change, as is well known, depend 
largely, in size and direction, upon the experimental conditions: e.g. nerves 
soaked in a K-iich solution give an intense threshold rise due to the summing 
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effects of accommodation and catelectrotonic depression (Werigo 1901; 
Chweitzer 1935); in Ca-rich nerves, on the contrary, the catelectrotonic 
threshold loweriTig (with weak currents) may cancel or even overbalance 
the accommodative effect, and in normal nerves, intermediate phenomena 
are observed (see fig. 12). It is best, therefore, to employ K-nerves, in 
order to produce, even with relatively weak stimuli, a conspicuous effect. 


msec. 



Fig. 12 —^Variation of post-cathodal effects, produced by K and Ca-rich solution. 
After-effect of constant ctirrent pulse (10 % below threshold) tested at various time 
intervals by a short shock. Ordinate: test shock threshold/resting threshold. 
Abscissa: time interval after break of current pulse. Three curves (successively from 
above) on K-rich, normal, Ca-rich nerves. 


Time Course of ''Post’Cathodai'^ Depression —^The time course of the 
excitability changes foUowmg a prolonged alternating current, or a constant 
current pulse, was tested by short shocks applied at various intervals 
after the conditioning stimulus, to a nerve which had been soaked for 

1 hr. in a K-rich solution (10 times normal). 

For this purpose the Downing commutator was used, rotating at 

2 rev./sec.: the duration of each conditioning pulse was then about 0-25 sec. 
The experiment was made first with alternating current, then with an 
appropriate subrheobasic constant current, and finally, with alternating 
current again. 

It will be shown below, that, in K-nerv^, a slowly increasing alternating 
current may not excite, even if its final strength is far above ordinary 
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threshold. Use was made of this observation in some experiments, in order 
to obtain larger after-effects: a slow anodic condenser discharge was applied, 
starting simultaneously with the alternating current pulse, so that the 
latter reached its full stimulating effect only gradually. In other cases, 
however, the strength of the conditioning alternating current was made 
just subliminal. 

When the observed test shock threshold is plotted against the time 
interval from the end of the alternating or the constant current, two curves 



Fig. 13 —^The decay of “post-eathodal” depression following constant current and 
alternating current stimuli. Mean of sixteen experiments, made on K-rich nerves. 
Percentage rise of threshold plotted against time interval after break of conditioning 
stimulus. Hollow circles: conditioning stimulus alternating current at 5000/sec. Full 
circles: conditioning stimulus subrheobasic constant current. For further explana¬ 
tions see text. 


are obtained of similar time course. In some experiments the curves 
coincided completely, though this was not the rule: usually, the decay of 
the alternating current effect was somewhat slower. Fig. 13 represents the 
mean result of sixteen experiments, each of which gave a similarly smooth 
curve, though varying to some extent in size and time relation. In round 
numbers, the after-effect of a just subliminal alternating current was 
compamble to the post-cathodal depression of a constant current pulse 
of rather more than half-rheobasic strength. 

The curves, especially that with alternating current, fall to a level, 
higher than the ''resting’’ base-line: this is probably due to protracted 
electrotonic threshold changes (see fig. 12) which, during the resting 
interval of 0*25 sec. between pulses, would not completely disappear. 
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The Relation between Current Strength and Excitability Change —^It is 
natural to suppose that the “post-cathodaF’ depression produced by 
alternating current is due not to the apphed stimulus, but to local action 
currents which do not alternate in direction. This suggestion would be 
invalid if the after-effect were proportional to the applied current strength; 
it would gain strong support if there were a ''threshold” intensity below 
which no such after-effects are found. . 

The simplest way of investigating this question is to apply long-continued 
alternating currents of various intensities and to increase them suddenly 



Fig. 14—^Relation between size of “accommodative threshold rise” and strength 
of alternating current stimulus. The ‘‘accommodating*’ effect of a high-frequency 
alternating current (5000/sec.) is tested by increasing the stimulus m two stej® 
(Sj and 82 ), the first lasting about 1 sec., the second suddenly reaching required 
threshold strength. Ordinate: effective final current strength. Abscissa: strength of 
first step. Full circles: normal nerves. Hollow circles: nerv^ soaked in 10 times 
K-Ringer. 

up to threshold. This was done by operating two Morse keys, the first 
breaking a short-circuit across the nerve, the second short-circuiting a 
variable series resistance. The regular appearance of a muscle twitch was 
taken as threshold index in order to avoid initial ‘‘random phaseeffects 
(Hill 1936a). Thus, the alternating current increased in two steps with an 
interval of about 1 sec. 

The mean result of eight experiments (four on normal, four on K-neirves) 
is shownn in fig. 14 , where the total current strength required is plotted 
against the intensity of the fimt step. The observed relation has a definite 
“threshold” below which no depresaboig effect of the altematn^ can b© 
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detected. This threshold is considerably lowered and the strength of the 
depression increased by K. 

This result seemed satisfactory, but it was necessary to get comparable 
results with constant current. I'or this purpose, the after-effects of sub¬ 
threshold alternating currents ( 5000 /sec.) and of subthreshold constant 
currents of various intensities were tested, at a given interval, by con¬ 
denser shocks, using Downing’s commutator as above. A time interval 



Fig. 15—Comparison of post-cathodal effects produced by (i) alternating current 
(6000/sec. hollow circles) and (ii) constant current (full circles) under different 
**electrotonic” conditions, (a) 10 tim^ K, (6) normal, (c) 10 times Ca. Excitability 
tested at a given interval (about 1 msec.) after break of current pulse. Ordinate as in 
jSg. 12. At^cissa: strength of conditioning stimulus as a fraction of threshold strength. 

of about 1 msec, was chosen, after which, at room temperature, the “local 
potential” has decayed to a very small value, so that the random phase 
at which the alternating current breaks does not matter, while the post- 
cathodal effect is stiQ strong. 

Typical results are shown in fig. 15 . The post-cathodal threshold changes 
vary in size and direction, depending upon the electrotonic condition of 
the nerve (K, normal; Ca, ef. fig. 12). A corresponding variation is found 
in the after-effects of an alternating current. The latter again appears to 
be equivalent to the post-cathodal effect of a constant current of about half¬ 
threshold strength. The pertinent points are the obvious “non-hnearity” 
and the existence of a “threshold” for the alternating current effect. 
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TMs ‘threshold ” is sometimes rather low and its exact position doubtful, 
since the curves rise very gradually from the base-line. It should be 
realized, however, that there is no evidence that, nor any a priori reason 
why, a local response should have a sharp or definite threshold. 

The altematiag current experiment, as a whole, show a number of 
phenomena which cannot be explained on the basis of the classical theories, 
but are clearly consistent with the idea of a local response. 


Ill— ^The Electbio Sign of Local Activity 

The experimental evidence for the existence in nerve of a non-conducted 
response cannot be regarded as convincing so long as a record of an accom¬ 
panying local electromotive change is missing. The possibility of a local 
response has clearly been thought of before, but not accepted due to the 
failure to detect any electric sign (Kato 1934; Blair and Erlanger 1936). 
As Rushton (1937c), however, recently pointed out, the size of a non- 
conducted action potential may conceivably be so small that it escapes 
observation even with modern means of amplification. The difficulties in 
recording a local response to short shocks, with a quick, but insensitive 
oscillograph, are obvious: it is not only a matter of amplification: the shock 
**artefact” or electrotonus at the point of stimulation may be so great 
that, even if most of it were balanced, the unbalanced remainder might 
altogether disguise the phenomenon in question. 

It is of great interest, however, that Auger and Fessard ( 1935 ), reeordfr^ the 
electric activity of Chara, found distinct local action potentials with subliminal 
stimuli which, when rea.ching a certain size, grew to a propagating deerementless 
wave which obeyed the all-or-nothing relation. In these extremely slow plant 
organisms the influence of the shock artefact is much less serious than in medullated 
nerve. 

{Added in proof.) Quite recently Hodgkin ( 1937 &) obtained convincing records 
of local action potentials from isolated crustacean nerve fibres. 

It seemed necessary, therefore, being primarily concerned with the 
existence of an electric sign, to sacrifice, for the time being, any attempt to 
record such details as can only be traced by osciQograph methods. The 
use of a sensitive galvanometer, therefore, was indicated, to sum up small 
rapid changes, following one another at high-frequency. 

High-fi:equency alternating current, or alternating short condenser dis¬ 
charges at various frequencies (method, see Hill, Katz and Solandt 1936), 
were applied to the nerve, and local and conducted potential changes 
recorded as shown in fig. 16. By the combined use of short alternate pulses 
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and a slow sensitive galvanometer disturbing phenomena such as electro- 
tonus and various shock artefacts are eliminated (see below). 

Usually the stimulating electrodes were placed at a site peripheral from 
the recording leads in order to avoid stimulating fibres (cut branches) 
which do not run through the whole length of nerve from which the record 



Fig. 16—Stapength-response relation for local and conducted electric response, with 
high-frequency alternating stimulation. Hollow circles: local response, recorded at 
leads B€. The relation is drawn in ftOl line up to “conduction threshold” only. 
Full circles: conducted response recorded at leads DE. (.4) 1700 two-way condenser 
discharges per sec. Size of galvanometer deflexion plotted against relative strength 
of stimulus E. At jE 7= 11*7, the conducted response (not shown) has reached a size 
10 times that of the local “negative variation”. {B) Response to alternating current 
of 5000/sec. Plotted as in (A). Ordinate: galvanometer deflexion. Abscissa: strength 
of stimulating current. (C) Diagram of stimulating and recording leads. 

is taken. If possible, a uniform stretch of nerve was chosen for stimulation 
and local recording. 

The results, two typical examples of which are shown in fig. 16 , were 
essentially the same for high-'frequency alternating discharges or sine-wave 
currents. With subliminal stimulation, a small "‘negative variation” is 
invariably found, localized in the stimulated region. 
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This result might be due to various artefacts, such as rectification of 
ordinary current leak or of electrotonus, or blockage of impulses in some 
fibres damaged between the recording leads. The last possibility does not 
seriously apply to subliminal stimulation, since it is very unlikely that such 
blocked fibres, if present, would invariably have a lower, and often much 
lower, threshold than the rest of the nerve. Rectification of electrotonic 
currents, etc., would be more serious. The fact that the observed “strength/ 
response’’ relation has a threshold and is not linear does not rule this 
possibility out entirely. 

The initial rise of the relation in fig. 16 is again very gradual, and the position of 
its threshold is much less definite than that of propagated re^onse. The same is seen 
in figs. 5 and 15, in which different aspects of the local response are shown. The present 
“strength-response” relation differs, however, from the other curves, since it involves 
not only the increase of local activity in each fibre, but also the increasing number of 
elements locally responding to an increasing current intensity. 

A satisfactory test was obtaiued by narcotizing the nerve with alcohol. 
Soaking a nerve in 5-7 % alcohol/Ringer for about 20 min. regularly 
reduced the size of the local response with a given current intensity to 
about 10-25 % of its original size; stronger currents were required to 
produce the same effect. Conduction was in some cases abolished, in others 
not completely suppressed by this procedure. The effect was quickly 
reversible, the nerve might recover partly, even without washing, while 
set up in the—^alcohol-free—paraffin chamber. 

It was simpler and quicker, however, to leave the nerve on the electrode 
and merely to place an alcohol-soaked strip of filter paper under the glass 
cover of the paraffin chamber. The local response disappeared then within 
2-3 min. Soaking in Ringer’s solution for 20-30 min. was required to 
restore local and conducted respond, though complete recovery was not 
always obtained. By this procedure the resting potential was also reduced 
reversibly within a few minutes to a small value. 

The fact that the observed “negative variation” produced by sub- 
threshold stunuli (i) ha^ a threshold and no direct proportionality to the 
applied current strength, (ii) is reversibly abolished by alcohol vapour, 
strongly suggests that it is a genuine response of the nerve and not an 
electric artefact. 

On the other hand, it cannot be decided by the prment method, 
whether the local response to high-frequency stimulation is due to rhyth¬ 
mic local activity, with a definite refractory period of its own, or to a 
more or less permanent depolarization, lasting as long as the stimulus 
is maintained. 
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The Effect of Frequency of Stimulation—When studying the relation 
between (i) size of local action current with a given strength of stimulus, 
and (ii) frequency of applied alternating short shocks, one finds that, at 
room temperature, the relation rises almost linearly, even up to 2000 
two-way shocks per sec. Higher frequencies could not be employed; it 
seems likely, however, from measurements with alternating current excita¬ 
tion, that at 20° C. the local responses reach their “maximum summation” 
effect only at about 5000 /sec. At low temperature ( 5 ° C.), the local response 
appears to attain its maximum at about 1000/sec. and to be the same at 
2000/sec. 

A surprising property of the local electric response is its steadiness 
during continued high-frequency stimulation: the local negative variation 
shows little or no decrease, while the conducted response, after reaching 
a maximiun, falls to a considerably lower level (cf. Bugnard and Hill 
1935). There is good evidence suggesting that the “inhibition” of nervous 
activity described by Bugnard and Hill (1935) and by Katz (1936a) for 
high-frequency alternating current stimulation, does not apply to the local 
r^ponse at all. Even K-nerves and nerves which have incompletely re¬ 
covered from alcohol narcosis, give, at high frequency, a perfectly steady 
local response. When the alternating current is slowly increased, a K-nerve 
often shows no propagated disturbance at all, while the local response 
grows up to conspicuous size and, presumably by the strong catelectrotonic 
effect of its own, eventually blocks impulses, sent in from outside. 

It may appear strange that such a strong depression shoiild be produced by local 
activity without any sign of “inhibition” or “fatigue” in the active region itself. 
CJonsidermg, however, that the cathode of the “local circuit” is formed by the resting 
region in front of the excited part, it is quite natural to expect that cathodal depres¬ 
sion (very strong in K-nerves) shoidd occur further on, and not in the active region 
itself, which is excited by the applied alternating current. 

The nature of the high-frequency inhibition was further investigated 
by comparing local and conducted response to strong alternating shocks. 
At low frequency, if the stren^h of the stimulus exceeds threshold the 
propagated response quickly “shoots up” while the local response soon 
stops increasing (fig, 16 ), and may even fall to a small value. It is difl&cult, 
however, to ascertain whether such records are not seriously affected by 
small possible differences in the size of the propagated wave at electrodes 
B and 0 (fig. 16 ), even when care is taken to use a uniform stretch of nerve 
far from the injured end. Actually, if all fibres produce regular propagated 
impulses, and provided the negative wave is identical and equally recorded 
at both leads, the local response should disappear, when the stimulus 
becomes maximal. 
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Stri ki n g and clear-cut results, however, are obtained at high frequency 
of alternating current. Confirming previous observations, it was found 
that as the strength of the stimulus rises, the conducted response reaches 
a maximum and then falls considerably (Katz 1936^). On the other hand, 
with max im al stimuli, as stimulation is continued, the propagated deflexion 
passes through a maximum and then progressively declines (Bugnard and 
HiU 193s). 

In both cases, as the propagated response (at electrodes DE) fails, the 
local negative variation (at BG) increases, up to a steady level. In other 
words, the inhibition is due to a progressive failure of propagation only. 
The complementary ” effects of local and propagated response are clearly 
shown in fig. 17: this is, in fact, the same phenomenon, as previously 
described (Katz 1936a), viz. the decline of the strength/response relation 
is cancelled, when leading off close to the stimulating leads. 

With continued stimulation, the local response (or rather the “localiza¬ 
tion” of the conducted response) tends towards a maximum at the same 
rate as the propagated disturbance declines to a small remainder (fig. 17). 
In the steady state the local activity is fully maintamed for a very long 
time (more than 5 min.), and then decreases only very slowly. When the 
stimulus is withdrawn, the “local” deflexion falls quickly, with perhaps 
some delay in its final return, to a somewhat different “base-line”, and 
often shows some prolonged after-positivity. 

These experiments show that there is little or no failure of the applied 
alternating current to produce a local depolarization, but a progressive 
failure of this depolarization to propagate. These results, specially the K 
effect and the conduction failure reported in the last experiments, are 
particularly interesting, since they suggest a satisfactory explanation for 
the inhibitory effect of high-frequency alternating current: apparently this 
inhibition occurs, not because the alternating stimuli progressively fail to 
excite a sufficient region of nerve, but because the frequent and even strong 
local action currents progressively depress the resting parts farther on 
and therefore fail to propagate. Hill (1936a) suggested that, with high- 
frequency one-way stimulation, “cathodic depression” or “accommoda¬ 
tion” soon intervenes and reduces the initial efficacy of the stimulus. 
With two-way and alternating current stimulation, the inhibitory pheno¬ 
menon was not so easily understood. 

It seems probable that, in the case of alternating current, cathodic 
one-way stimuli are actually formed by the “extrinsic”* local action 

* “Extrinsic ’* in the sense adopted by Hodgkin (1937 a), referring to the cateleotro- 
tonic spread of activity. 
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currents, falling into the refractory period of the preceding propagated 
wave, and varying in strength, probably also in duration, with the intensity 
of the applied alternating current. In K-nerves, even weak cathodic 
currents cause an intense depression, normally, however, a progressive 





Fig. 17 —^Progressive “localization” of electric response during high-frequency alter¬ 
nating current stimulation of nerve. Galvanometer records, at “local” (a) and 
“conducted” (c) leads {cf. fig. 16) with prolonged high-frequency alternating currents 
(5000/sec.) of variotis intensities. (Relative strength: ri., 14; R, 6 * 9 ; (7, 19; jD = ^). 
The sum of local and conducted response is shown by broken lines. The progressive 
inhibition of electric response (Biignard and Hill 1935 ) appears to be due to a process 
of progressive “localization” of the initially propagated action currents to the stimu¬ 
lated region. (Compare especially records A and R, obtained with same stimulus, 
at different stag^ of the experiment.) 

failure occurs only when the currents are strong and prolonged. This 
obviously applies to the case dealt with by Bugnard and Hill (1935) and 
by Katz (1936a). 

In a recent paper, I suggested that an impulse, actually started off, may be outrun 
and blocked by the strong aneleetrotonus of the following half-cycle. It seems 
dififieult to dismiss this possibility, since a weak (refractory) impulse might easily 
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be blocked by anelectrotonus before it has time to propagate over an appreciable 
length of nerve. That view was based, however, on a different interpretation of the 
observed persistence of activity in the stimulated region, even while and after the 
propagated response declined to a small jSnal value. It was not realized then, that 
the observed phenomenon is probably a strong local response, due to the direct 
excitation of a large region of nerve, which, with prolonged stimulation, produces 
a strong catelectrotonic depression further on. 


I am greatly indebted to Professor A. V. Hill for mucli belpful advice 
and continuous encouragement. Tbe present work developed from his 
recent theory of excitation, which served as a most useful guide throughout 
a study intentionally of its imperfections. My thanks are also due to Mr. 
J. L. Parkinson for frequent and ready help, and to Mr. A. C. Downing for 
constructing the adjustable commutator. It is a pleasure also to thank 
Dr. H. Rosenberg, Dr. W. A. H. Rushton, Mr. A. L. Hodgkin and Mr. J. M. 
Ledingham for much suggestive discussion and criticism. Part of the 
expense of this work was defrayed by a grant from the Thomas Smythe 
Hughes Fimd of London University. 


Summary 

If the conduction of an impulse depends upon the excitation of each 
resting part by the activity of its adjacent region, a certain minimal 
length of active nerve is required initially to set up a propagated distur¬ 
bance. Subthreshold stimuli, therefore, may, by exciting a small subliminal 
length of nerve, produce a transitory local response, the spread and size 
of which do not sufiBlce to excite resting points further on. 

Experimental evidence is given for the existence of this non-conducted 
response. 

By excitability measurements with short double shocks, its pr^enoe, 
relative size and time relations are traced. 

When the conditioning shocks are cathodic and weak, or anodic and of 
any strength, the decay of the “excitatory disttirbance” follows a simple, 
approximately exponential relation. 

When the strength of the conditioning shock approaches threshold, 
the time course of the local “excitatory disturbance” shows a “hump”, 
superimposed on the exponential decay. This is attributed to the local 
response of a small region of nerve. 

When superthreshold stimuli are applied, it is possible, using suppressing, 
anodic, test shocks to trace the initial growth of the new-born impulse, and 
its transition from local to propagating strength. 
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Various plLenomena are observed with high-frequency alternating current 
stimulation (summation, accommodation, electrotonic excitability changes) 
which are inconsistent with the classical theories. Investigation of these 
phenomena shows that they can be attributed to local action currents, 
elicited by the cathodic half-cycles of the applied stimulus. 

With a sensitive galvanometer and subthreshold alternating stimuli, 
a local negative electromotive change is found, having the properties of 
a non-conducted response. 
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Reversible Oxidation of Chlorophyll 

By E. Rabutowitch ajstd J. Weiss 

From the Sir William Ramsay Laboratories of Inorganic and 
Physical Chemistry^ University College, London, WiC. 1 

{Communicated hy F. G. Donnan, F.R,S.—Received 29 May 1937) 

In this paper some experiments are described showing that chlorophyll 
reacts with certain oxidizing agents—especially with ferric salts — for ming 
a yellow product, jfrom which it can be easUy regained, for instance, by the 
action of ferrous salts. 

Photoelectric measurements were made of the extinction curves of: 

I. The methyl alcohol solutions of chlorophyll (both the two chloro¬ 
phylls a and b, and the ^‘natural ” mixture of the two ethyl chlorophyllides). 

II. The solutions of the same three substances after reaction with FeClg. 

in. The same solutions ‘"restored” by PeCl^. 

Solution (II) showed the complete absence of the characteristic red 
absorption band of chlorophyll, whereas in solution (III) this band was 
restored to its original shape. 

Fluorescence of chlorophyll was shown to drop to 20-25% of its original 
value by addition of FeClg, and to reappear in its original strength by 
addition of FeClg. 

These experiments are explained by the assumption of an equilibrium 
Chl-l-Fe^^^oxy-Chl+Fe^^, where oxy-Chl is an oxidation product which 
may be, for instance, a positive chlorophyll-ion, or a dehydrochlorophylL 

The oxidation theory of the reaction of chlorophyll with Fe™ is ooutfirmed 
by a sensitive test for Fe^^ in a mixture of chlorophyll with FeClg. The rever¬ 
sible character of the reaction is verified by the possibility of repeating the 
cycle after separating the “restored” chlorophyll from the iron salts. 

It is further shown that chlorophyll is also restored in the solutions 
decolorized by FeOlg by keeping them for several hours in the dark at room 
temperature. This is due to the disappearance of FeClg, which apparently 
oxidizes the solvent (CH3OH) in the presence of chlorophyll. Chlorophyll 
is thus able to act as an oxidation-reduction catalyst in the dark. The 
reaction of chlorophyll with ferric chloride is accelerated by illumination. 

[ 277 ] 
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Further experiments described show the instability of the *'oxychloro¬ 
phyll” towards light and water, the influence of salts upon the equilibrium, 
the special effect® obtained in the violet absorption band of the b component, 
and the analogous .equilibria obtained in the systems Ce^—Ce^, —Cu^, 
and Ig— 


{The full faper is published in Proc, Roy, Soc, A, 162, 251.) 
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Factors Influencing the Effectiveness of 
Administered Hormones 

By R. Deanesly Aim A. S. Pabkes, F.R.S. 

{Received 9 8eptend>er 1937) 

[Plates 10-13] 

Endocrine organs concerned in producing chronic ejffects in the normal 
body may be supposed to keep up a continuous supply of secretion so that 
the concentration of the particular hormone in the blood stream neither 
falls below the required threshold level nor rises sufficiently above it to 
lead to adverse effects. It has now become clear that the chief problem in 
substitution therapy with hormone preparations is so to arrange admini¬ 
stration as to imitate the steady continuous activity of the normal glands 
and avoid alternation of deficiency and wasteful excess of the hormone. 
Th 3 TOxin alone among the hormone appears to be fairly long-lived in the 
circulation, so that an excess at a particular time Is not necessarily wasteful. 
On the other hand, the hormones of the gonads, anteriorpituitary and adrenal 
cortex, as well as insulin, seem to be used, excreted or destroyed soon after 
entering the circulation. Quantitative and sometimes even quaJitative 
results with these hormones have depended on the method of administra¬ 
tion adopted in assay work. 

In the case of oestrogenic preparations, from ovary or urine, attention 
was early directed to the variation in apparent activity due to the method 
of administration. The significant facts in this connexion have been re¬ 
cently reviewed (Parkes 1937 ). A constant total dose of oestrone, o^tradiol 
or ovarian extract in either oily or aqueous solution, is much more effective 
if given as a series of small doses than if given as a single dose. The effect 
of divided dosage can be simulated by appropriate esterification of the 
hormone. 

Analogous facts have had a considerable influence upon the course of 
research on the male hormone. The loss of effectiveness of both urine and 
t^is extracts when highly purified led to the supposition that some inactive 
but synergic substance was necessary for full activity of the hormones and 
that this substance was fractionated away during purification of the active 
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principles (David and'others 1935). It is now known that both andro- 
sterone from urine and testosterone from testes are readily absorbed by the 
body, and that an injection in concentrated oil solution leads to temporary 
stimulation only and to wastage of any excess by destruction or excretion. 
It is possible therefore to level up the supply to the animal and increase 
the effectiveness of the total dose by decreasing the rate of absorption in 
various ways, by adding (or in the case of extracts not removing) inactive 
acidic fractions of urine and testes, by increasing the amount of oil solvent, 
or by mixing fatty acids with the oil solution. Analogy with oestrone led 
to the' preparation of aliphatic esters of testosterone and to the demon¬ 
stration by Miescher, Wettstein and Tschopp (1936) that the duration of 
action of the esters increased with increase in the number of carbon atoms 
in the acid chain. Testosterone formate, acetate and propionate showed, 
too, an increasing intensity of action as compared with the free hormone, 
owing presumably to decrease of wastage, but in the higher esters activity 
became so prolonged that intensity of effect was inevitably reduced. The 
propionate appears to give the optimum combination of intensity and 
duration of action, and is, in fact, more effective given once in 10 days than 
is a similar total dose of free hormone given in twenty injections, twice 
each day (Parkes 1936). In contrast to the increased effects shown by the 
aliphatic esters, the succinates of androsterone and androstanediol, water- 
soluble salts, are much less effective than the free hormones (Korenchevsky, 
Dennison and Simpson 1935). 

Somewhat similar facts may be true for progesterone, but so far this has 
not been observed to the same extent, possibly because the compound, as a 
diketone, may be less soluble in body fluids, and possibly because rabbits, 
the usual test animals for progesterone, seem to be more economical in 
their use of administered steroid sex hormones. 

The rate of absorption of compounds given intraperitoneally or sub¬ 
cutaneously must depend largely on their solubility in water, and it might 
be expected, therefore, that the effectiveness of water-soluble hormones 
which are easily destroyed or excreted once they reach the circulation 
would be greatly affected by the method of administration. Actually there 
is good reason to suppose that this is so. The gonadotropic hormones of 
the anterior pituitary or of urine are more effective when a certain dose is 
divide into a lai^e series of small injections; activity may be reduced by 
intramuscular injection, which favours rapid absorption (e.g. prolactin, 
Bates and Riddle 1936); on the other hand, addition of a protein pre¬ 
cipitant such as zinc sulphate to the solution, which delays absorption, 
increases greatly the activity of pituitary gonadotropic extract (Maxwell 
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1934)5 as does the addition of merthiolate to thyrotropic extracts (Ch’en 
and van Dyke 1936). 

Good examples of the same phenomenon are to be found among non-sex 
hormones. Thus the assay of extracts of the adrenal cortex, of which the 
active principle seems to he water-soluble, is complicated by the fact that 
multiple injections are necessary unless very large quantities are used 
(Bulbring 1937). It would seem that the esterification of corticosterone, 
or even of reasonably pure extracts, might make possible much more 
efficient administration. The recent history of insulin is also relevant. With 
highly purified or crystalline preparations, the maximum effect of a dose 
was reached very soon after injection and a technique of injection im¬ 
mediately before meals was adopted, so that the readily absorbed material 
would be available to deal with the products of digestion. When the active 
substance is combined with protamine, the routine needs some alteration; 
few injections are required, and administration must take place some 
hours before a meal. It seems, in fact, that research on many of the hor¬ 
mones concerned in producing continued effects passes through similar 
phases. A stage of extract purification, and ultimate isolation of the active 
substance, is followed by one in which the necessity is realized of adding 
extraneous materials to solutions of the highly purified substance, in order 
to render absorption sufficiently slow, and to make possible high effective¬ 
ness, without prohibitively jfrequent injections. 

Analogous facts have been known for some time in the field of chemo¬ 
therapy (see, for instance, Dale 1921) and have recently become important 
to immunologists (see, for instance, Hartley 1935). It is possible, there¬ 
fore, that the knowledge obtained from recent intensive study of the op¬ 
timum conditions of hormone administration may be of direct application 
in other fields, especially in view of de Fremery’s* findi ng that anti- 
gonadotropic serum, fully effective against ordinary solutions of the 
antigen, may be ineffective when the absorption of the antigen in the test 
animal is delayed by the addition of zinc sulphate to the solution. 

The present paper deals with a farther study of rate of absorption of 
sex hormones, and in particular with the mechanism of the effect of 
esterification. When these experiments were begun it seemed certain that 
the effects of palmitic acid, increased volume of oil, etc., depended on de¬ 
creasing the rate of absorption from the subcutaneous depot of the hormone, 
but it was not known whether the greater efficiency caused by esterification 
was due to slow hydrolysis of the ester in the circulation, combined with 
the body’s inability to destroy or excrete it unhydrolysed. The experiments 
* Personal communication to the authors. 
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described below seem to show conclusively that the aliphatic esters are 
less soluble in body fluids than the free hormone and are more slowly and 
often more effectively absorbed. 

Technique 

The substance used, the nature and amount of solvents, method of 
injection, etc. are described in the text. AU doses of esters are recorded 
in terms of free hormones, except in tablet administration. 

Castrated rat test —^Dissection and weighing of the accessory glands 
were all as previously described (Callow and Deanesly 1935). Castration, 
except in maintenance experiments, was carried out when the body weight 
was 40-60 g.; the animals were used at varying periods after a month from 
castration. Throughout this paper P. and S.V. are used respectively for 
prostate and seminal vesicles. 

Capon comb test —^Measurements were carried out as previously de¬ 
scribed (Callow and Parkes 1935). Duration and nature of treatment and 
time of making measurements were all as recorded in the text. 

Capon plumage test —^This test for oestrogenic activity, depending on 
the production of the female coloration on the normally black breast 
feathers of the Brown Leghorn capon, was carried out as described by 
Parkes (1937), who also discusses the relevant points of the physiology of 
feather growth. 

Test on uterus of imrmture rabbit —Some tests were carried out by the 
method described by McPhail (1936). 

Tablel technique —^Tablets for implantation were made by compression 
of the undiluted crystalline hormone in a micro-pastille press. The a.TiiTna.1g 
were anaesthetised with ether and the tablets were implanted under the 
skin through a small slit which was afterwards closed by a stitch. When the 
animal was killed, adherent tissue was, as far as possible, removed from 
the tablet, which was then dried in a desiccator before reweighing. The 
weights of the residues given in Tables III, IV and V can, of course, only 
be regarded as approximate. 

Subdivision of the total dose 

There is reason to suppose (McPhail 1934; Klein and Parkes 1937) that 
the wastage of ad mi n i stered hormones by the rabbit is much less than that 
by the rat. McPhail (193^) found that the maximum development possible 
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in the uterus of the immature rabbit in 5 days could be induced by three 
doses of 5 y oestrone. In a special experiment on the effect of subdivision 
of the dose in immature rabbits, we have administered 127 as six daily 
doses of 27, three .doses of 47 on alternate days, two doses of 6y with an 
interval of 3 days and one dose of 1 27; in each case the animals were killed 
at the end of the sixth day and the total volume of oil given was kept 
constant. The results (Table I) show that the effect of subdivision of the 
total dose is nothing like so great as in the rat. 

Table I— ^Effect of vabioits degrees of subdivision on the 

EFFECTIVENESS IN IMMATURE RABBITS OF A TOTAL DOSE OF 
127 OESTRONE 


No. of 

Amount 



Average 

Average 

doses over 

per dose 

No. of 


body weight 

uterus weight 

6 da37s 

r 

rabbits 

Breed 

g- 

mg. 

6 

2 

6 

Himalayan 

528 

605 

3 

4 

6 


540 

609 

2 

6 

5 


624 

597 

1 

12 

3 


787 

529 

6 

2 

4 

Dutch 

545 

682 

3 

4 

4 


580 

324 

2 

6 

5 


686 

697 

1 

12 

4 


700 

394 


Nature of solvent 

Both aqueous and oil solutions of oestrone are made more effective by 
divided dosage, but the effect is more marked with the aqueous on^, 
suggesting that absorption is more rapid fi:om these. The absorption of 
oestrone from castor oil seems to be slow (Deanesly and Parkes 1933), 
possibly because of the high solubility of the compound in this oil. Testo¬ 
sterone seems to be inactive in liquid paraffin; presumably the animal is 
unable to obtain the hormone from such an inert medium (Miescher, 
Wettstein and Tschopp 1936). Androsterone is more than three times as 
effective given m propylene glycol as in olive oil (Dean^ly and Parkes 
1936). Propylene glycol is miscible with water, and the androsterone is 
probably precipitated when the solvent is diluted with body fluids, giving 
the effect of administration of a crystal mush (see p. 286 ). The same ex¬ 
planation may apply to the increased acidvity of androsterone in alcoholic 
solution observed by Callow and Deanesly (1935). 

Testosterone —A total of 2 mg. of free testosterone in 1-0 c.c. 70 % 
ethyl alcohol given over 10 days ws^ just about as effective as when 
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giYen in oil. The same dose in a total of 1*0 c.c. propylene glycol has 
a low effectiveness. 

Oestradiol benzoate —^The effect on the plumage of Brown Leghorn capons 
of 1 mg. oestradiol benzoate was considerably curtailed by admmistering 
it in 1 c.c. propylene glycol instead of in oil, the average duration of response 
in five birds being reduced from 9 days (Parkes 1937) days. 


AnninoK of fatty acid 

Miescher, Wettstein and Tschopp (1936) showed that the effectiveness 
of testosterone could be greatly increased by the addition of palmitic acid 
to the solution. This finding was confirmed and extended to androsterone 



Fio. 1—Influence of paJmitic acid on the effectiveness of a single dose of 
1 mg. androsterone. Five capons in each group. 

by Deanesly and Parkes (1936) and to androstanedione by Parkes (1936). 
The same thing holds for im?z5-androstanedioI, and Pig. 2 shows that 
palmitic acid restores the effectiveness of cis-androstanediol and trans- 
androstenediol lost by increasing the amount of oil. Addition of palmitic 
acid also greatly increases the effectiveness of testosterone propionate, 
if given as one injection only in 1 c.c. of oil. (P. + S.V., 67 mg. and 391 mg.) 
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The effect on the capon comb of 1 mg. of androsterone given as a single 
injection is also enhanced, both in intensity and duration of action, by the 
addition of palmitic acid (fig. 1). 

The duration of the effect on the plumage of Brown Leghorn capons of 
1 mg. oestrone was about doubled by the addition of 0*5 g. of palmitic acid 
to the 4 c.c. oil solution. 


ESTEBJirCATION- 

Following the work of Miescher, Wettstein and Tschopp (1936) much has 
now been written about the active esters of testosterone and other male 
hormones. We have examined a number of inactive esters which are as 
important theoretically as the active ones. ci^-Androstanediol 3-benzoate 
in total doses of 5 and 10 mg., given daily over 10 days in a total of 5 c.c. 
oil, evoked no appreciable response. Similarly a total of 10 mg. of trans- 
androstenediol 17-benzoate given in one injection or in ten injections over 
10 days gave no response. 

Two experiments were carried out on testosterone succinate dissolved 
in propylene glycol, but no appreciable activity was demonstrated. 

Oestriol monoglucuronide —2 mg. of this compound injected intra¬ 
muscularly in 1 c.c. propylene glycol failed to affect capon plumage. 

Benzoylation will certainly decrease the solubility in body fluids of 
androstanediol and ^mn^-androstenediol, whereas succinylation will 
certainly increase the solubility of testosterone. A possible explanation of 
the inactivity of these compounds is that the benzoates become too 
insoluble to absorb and the succinate too soluble to remain in the body 
long enough to produce any visible reaction. 


Increase of the volume op medium 

The effect of increasing the total amount of oil used to administer 10 mg.‘ 
of androsterone or 5 mg. of androstanedione or 2 mg. testosterone has 
already been showm (Deanesly and Parkes 1936). The data given by Parkes 
(1936) also suggests that the effectiveness of 2 mg. of testosteronepropionate 
given in a single injection 10 days before killing is enhanced when the 
volume of oil is increased from 2 to 5 c.c. 

tTBX^-Arhdrostanediol —^Increase of the volume of oil from a total of 1 c.c. 
to a total of 10 c.c. increased the effectiveness slightly. This compound is 
readily soluble in oil. 



286 


R. Deanesly and A. S. Parkes 

cm-Aridrosianediol and tTans-<L 7 hdrostenediol —^Both these substances are 
only sparingly soluble in aracbis oil; solutions more concentrated than 

1 mg. per c.c. crystallize out in the course of a few hours at room tempera¬ 
ture. 10 mg, of i^rana-androstenediol in 4 c.c. oil over 10 days caused fair 
growth (P. -i- S.V. = 186 mg.) of the accessory glands (Deanesly and Parkes 
1936), a finding since confirmed for toTis-^mTa^-androstenediol (10 mg. in 

2 c.c. oil gave P. + S.V. = 197 mg.), and it was a surprise, therefore, to find 
that the same amount given over 20 days in 10 c.c. of oil produced negligible 
growth. It seemed that increasing the volume of oil to a point where the 

600 

500 

^ 400 
t/i 

i 300 - 
o 

g 200 • 

100 


Total amount of oil (cc) 

Fig. 2—^Effect of volmne of oily medium on effectiveness of cis-andro- 
stanediol and iraw«-androstenediol in castrated rats. 

solution was stable resulted in decreased effectiveness, and that the 
effectiveness of the concentrated solution was due to delayed absorption 
of a solution likely to crystallize out shortly after injection. In a pre- 
liniinary experiment with androstanediol, the effectiveness of 4-4 mg. was 
bot altered by the increase of the total oil from 2 to 6 c.c. In a definitive 
experiment 10 mg. of androstanediol and 10 mg. imras-androstenediol were 
injected ^ch in totals of 1, 2 and 5 c.c. of oil. In both cases the two more 
concentrated solutions became a mixture of oil and crystals after an hour 
or two. This was injected daily without reheating. The results, fig. 2, show 
definitely that the crystal mush is a more effective form of administering 
these two hormones than is an oil solution. 

Testost&om propumate —^It was found (Parkes 1936) that testosterone 
acetate given daily is not made more effective by increasing the volume of oil. 
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but experiments with the propionate show that when the whole dose is 
given in one injection and the animals killed 10 days later, the result can 
be greatly influenced by the amount of oil used for the single injection. 
(5*0 c.c. oil, P. + S.V. = 275 mg.; 0*2 c.c. oil, P. + S.V. = 60 mg.) 

A total of 2 mg. of the propionate in a total of 0*5 c.c. propylene glycol 
given daily over 10 days produced P.-fS.V. = 483 mg. Increase of the 
propylene glycol to 1*0 c.c. decreased the response to 375 mg. 

Oestradiol monobenzoate —Greenwood, Blyth and Callow {1935) were 
unable to show that the effectiveness of androsterone on the capon comb 
was influenced by the volume of oil used for the intramuscular injection. 
An analogous experiment showed that the power of o^tradiol ben25oate to 
feminise the plumage of Brown Leghorn capons was the same whether the 
volume of oil was 0-1 or 4-0 c.c. 


ImPLAKTATIOK of CEYSTALS Ain> TABLETS 

The r^ults obtained with the crystal mushes of androstanediol and trans- 
androstenediol suggested that administration of hormone in solid form 
might be highly effective. 

Testosterone —^As a first experiment tablets of testosterone varying fiom 
1-8 to 3*7 mg, were implanted subcutaneously through a small slit in the 
skin. The rats were killed 10 days later, and were found to have an average 
P. + S.V. weight of 588 mg., a response doubly as good as that given by 
twice daily injections of the same total amount of free hormone in a large 
amount of oil, better than that given by 2 mg. testosterone propionate 
administered as one injection in oil, and approaching that given by 2 mg. 
of the propionate administered in ten daily injections (see fig. 3). In the 
course of repeating this experiment it was observed that the tablets were 
not entirely absorbed in 10 days, and the residues were therefore recovered, 
cleaned of adherent tissue and dried and weighed, so that the actual amount 
absorbed by the rat could be determmed. The results on four groups of 
rats receiving tablets of various siz^ are shown in Table 11. The responses 
to tablet administration are remarkably good, yet only 50-75% of the* 
weight of the tablets of this size is used up in 10 days. 

It will be seen (Table II) that although appreciably more t^tosterone 
was absorbed by the rats receiving larger tablets, there was not a pro¬ 
portionate difference in the size of the acc^ory glands. In other words, 
with tablets larger than about 1 mg., more was absorbed than could be 
efficiently utilized. 
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(§) T. prc^ionate 
^ intra-jjeritoneally 

05 I 2 3)§ 5 ■ ( O 

.Interval between injectionsC days) log.scale 

2—^Effectiveness of free testosterone in tablet form and of testosterone pro¬ 
pionate given intraperitoneaUy in od solution, eomparedwith that of the free hormone, 
the acetate and the propionate according to degree of subdivision of the total dose. 


Table II —^Eefecttven'ess op testostebone adjunisteebd 

IN TABLET POEM 


Average size 
of teblet 

Range 
of size 

Average amount 
absorbed 


Average 
P. + S.V. 

mg. 

mg. 

mg. 

No. of rats 

mg. 

M 

11-1-2 

0-7 

4 

665 

1-2 

1-2-1-3 

0-6 

5 

692 

1-7 

1-5-1-9 

1-1 

5 

675 

2-2 

2-0~2-5 

1-5 

5 

877 
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The experiment was continued by the reimplantation into a second set 
of rats of the tablet residues from the fifteen rate of the last three groups 
listed in Table II* No inactivation of the testosterone had taken place 
while lying in the subcutaneous tissue. Residues, totalling 8-3 mg., were 
obtained suitable for reimplantation. These were implanted into twelve 
rate killed 10 days later and produced an average P. 4'S.V. weight of 
362 mg. Very small residues were again recovered from three of these rate, 
and reimplanted into three more producing an average P. -fS.V. weight of 
80 mg, after 10 days. The original 25-5 mg. of testosterone with which the 
fifteen rats were implanted had thus produced by the end a total P. 4- S.V. 
weight of 15-8 g. or 1 mg. testosterone produced 650 mg. P.-hS.V., an 
astonishing result compared with those obtained by its administration in 
concentrated oil solution. 

In a further maintenance experiment five adult rats were castrated and 
on the same day received tablets of testosterone averaging 1*4 mg. Four¬ 
teen days later about nine-tenths of the tablets had been absorbed: the 
accessory glands, far from showing any castration changes, were above the 
normal for the body weight of the animals. The prostates averaged 70 % 
above normal and the seminal vesicles 90% above normal. It may be 
concluded therefore that under optimum conditions 50 y of testosterone 
daily would be enough for maintenance and normal growth of the acces¬ 
sories in adults of this size. 

Testosterone propionate —similar experiment was carried out with 
testosterone propionate in solid form, large aggregates of crystals being 
used instead of compressed tablets. In the first experiment in which the 
residues were not examined, it was found that crystals averaging 2*4 mg. 
produced an average P. -i- S.V. weight of 440 mg. or less than in the experi¬ 
ment with free testosterone. In the second experiment, crystals averaging 
1*2 mg. were implanted for 10 days, the residues reimplanted for 10 days 
and their residues again reimplanted for 10 days (Table III), and found to 
be stiU active. By adding the we^hte of the accessory glands of the 
thirteen animals stimulated by the original 6 mg. of testosterone propionate, 
it was found that they totalled 3*914 g. The average growth per mg. of 
testosterone propionate* was 652 mg. or exactly the same as per mg, of 
free testosterone. Naturally in both these experiments some wastage took 
place in transferring the r^idues, and small traces were left at the end of 
the experiment, but the general agreement is striking. In a third experiment 
with testosterone propionate crystals, implanted for 21 days, from which 


* Equivalent weight of free hormone not calciilated. 
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the residues were implanted for a further 20 days (Table III), good growth 
was obtained but the total weight of accessory glands produced per mg. of 
propionate was lower than in the previous test—445 mg. This is probably 
due to the greater amounts of hormone required in a long duration experi¬ 
ment, purely for maintenance of the already enlarged glands. It seems, 
therefore, that whereas testosterone tablets are absorbed to the extent of 
|-| in 10 days, the propionate tablets are only J absorbed in 10 days, or 
up to ^ in 20 days. Prom this slower absorption of the propionate it is 
clear that it is very much less soluble in body fluids than the free hormone, 
a significant fact in considering the mechanism of the increased effective¬ 
ness of the propionate given subcutaneously in oil solution. 


Table ITT— ^ErFEcrivENBSs op testosteeone peopionate 

ABMINISTBEEI) IN TABLET POEM 


No of 

Average 
size of 


Duratiou • 
of ex¬ 

Average 

amount 


Average 

experi- 

tablet 

Source of 

periment 

absorbed 

No. of 

P. + S.V. 

mexit 

nag. 

tablets 

days 

mg. 

rats 

mg. 

1 

2-4 

New 

10 

Not de¬ 

5 

440 

2A 

1-2 

New 

10 

termined 

0-2 

5 

437 

2B 

I-O 

Residues from 2 A 

10 

0-3 

6 

248 

20 

M 

Residues from 2 B 

10 

Not de¬ 

3 

163 

3A 

2-7 

New 

21 

termined 

0-9 

5 

803 

3B 

1-8 

Residues from 3 A 

20 

0*7 

6 

417 


im-Androstanediol —^Tablets with an average weight of 5-9 mg. were 
implanted into five rats which were killed 10 days later. The average 
P.-hS.V. weight was 242 mg. Even considering the dose as 6-9 mg., tbia 
rraponse is better than that obtained from any other method of administra¬ 
tion except the concentrated oil solutions. But residues averaging 4-7 mg. 
were recovered from these five rats, so that the effective dosage was little 
over 1 mg. A series of reimplantations for 10-day periods was then carried 
out; the residues decreased in size with each successive reimplantation, 
but they remained active. The results are listed in Table IV and may be 
summarized as follows: 

a —^With androstanediol tablets ranging between 3 and 6 mg., one-eighth 
to one-fifth is absorbed in 10 days, i.e. the substance appears to be slightly 
less soluble in body fluids than testosterone propionate. 

6 —After nine implantations, when the residues weighed 5-7 mg. as 
compared with the original total of 29-2 mg., the total weight of prostate 
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and seminal vesicles produced was 6-65 g., or nearly 300 mg. per mg. of 
androstanediol. * Given by this technique, therefore, androstanediol is more 
than ten times as effective as when given in dilute oil solution (see p. 286). 


Table IV —^Eeeectiveness of A3^i>EosTA3srEi)iOL tablets 

TRAKSFEBEEn TO SUCCESSIVE GEOUPS OF EATS 



Average 




Average 

Average 


amount 


No. 

Average 

amount 

weight 

Experi¬ 

implanted 

Source of 

of 

residue 

absorbed 

P. + S.V. 

ment 

mg. 

tablets 

rats 

mg. 

mg. 

mg. 

A 

5*9 

New 

5 

4-7 

1-2 

242 

B 

4-7 

Residues from A 

5 

4-2 

0-46 

205 

C 

4-2 

Residues from B 

5 

3-7 

0-56 

252 

D 

3*7 

Residues from C 

5 

3-19 

0-47 

175 

E 

5*3 

Residues from D 

3 

* 

— 

159 

F 

« 

Residues from E 

3 

* 

— 

209 

G 

Sic 

Residues from F 

3 

3-7 

— 

212 

H 

3-7 

Residues from G 

3 

2-6 

1-1 

180 

I 

2*6 

Residues from H 

3 

0-7 

1-9 

153 


* Weights not obtained. 

Total amount absorbed (or lost) after nine implantations = 23*5 mg. 
Total P, + S.V. = 7-1 g. 


In an experiment on the maintenance of the accessory glands of the 
castrated adult rat, five rats of average body weight 155 g. were each 
implanted on the day of castration with a tablet of androstanediol averag¬ 
ing in weight 4-7 mg. Tourteen days later, when the rats were killed, an 
average of 0*7 mg. androstanediol had been absorbed but the accessory 
glands were not folly maintained (P.-l-S.V. = 714 mg. compared with 
864 mg. found in five normal rats of the same body weight). In a second 
t^t, five rats of average body weight 140 g. received tablets averaging 
6-7 mg., of which an average of 1-8 mg. had been absorbed when the animals 
were kflled 28 days later. The glands were fully maintained, P.-fS.V. 
averaging 1291 mg. compared with 1149 mg. in five normal rats of the 
same final body weight. It seems, therefore, that the daily absorption under 
suitable conditions of lOOy androstanediol can maintain the accessory 
glands of the adult castrated rat. Eeimplantation of the residue from 
these experiments gave expected results. 

Other male hormom compouTids —^The following substances t^ted by 
tablet implantation were inactive or produced negligible growth over 
10 days—androsterone, ^mn5-androstenediol, cis-androstanediol-mono- 
3-benzoate, testosterone oxime and testosterone oxime propionate. These 
substaoK^s showed very little loss of weight and were pr^umably too 
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insoluble to be active. Tablets of androsterone of about 5*7 mg., however, 
showed an average loss of 1 mg., but this proved insufiScient, perhaps owing 
to rapid excretion, to produce much growth. The prostates showed a 
slight response, but the seminal vesicles were not stimulated. 

The water-soluble compounds, testosterone succinate and androstanediol 
disuccinate, disappeared from the subcutaneous tissues in 7 days or less 
and gave negative results. 

Oestrone ^The prolonged effect of hormone administered in solid form 
can be beautifully demonstrated by the plumage response of Brown 
Leghorn capons. Four birds were used for an experiment in which crystals 
of oestrone, weighing between 2-0 and 3-2 mg., were implanted intra¬ 
muscularly 11 days after the feathers had been stripped off the left side of 
the breast. The regenerating feathers were feminized from the time of 
implantation onwards. To examine the further effects, the right side of the 
breast was stripped 28 days after the implantation. In aU four birds aU 
the feathers growing after this stripping were completely female. Sub¬ 
sequently the left side and also the right side were again stripped. 
A summa^ of the experiment is given in Table V from which it will be 
seen that in three out of four birds female plumage continued to grow for 
nearly 3 inontl^ (see fig. 7 5-d). From the weights of the crystals implanted 
in these birds, it may be calculated that the absorption of about SOy daily 
of free oestrone is adequate to feminize the plumage of Brown Leghorn 
capons. This result agrees remarkably weU with that given by the most 

efficient ester in oil solution, oestradiol 3-benzoate 17-acetate, examined 
by Parkes (1937). 


Table V— Effect of a sikgle implantation (3.xi. 36) of a ceystal 

OF OESTEONE ON THE PLUMAGE OF BEOWN LEGHOEN CAPONS 


No. of 

Weight of 
crystal 
implanted 

bird 

mg. 

A 21 

3*0 * 

A 22 

2-0 

A 23 

3-2 

A 25 

2-8 


Condition of feathers regenerating after plucking on 


Left 
22.x. 36 

Female, except tip 
Female, except tip 
Female, except tip 
Female, except tip 


Right Left Right 

2.xii.36 31.xii.36 2.ii.37 

AU female AU female Mai. 
” » 

« Male 


Route of abministeation 

^ The usud technique is to make subcutaneous injections in 
intramuscular injections in birds. In considering other possible 


rats and 
routes of 
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admioistration it is necessary to distinguish between a route which involves 
the substance entering the general circulation in order to reach the site of 
action, and those which depend on the local administration of the hormone 
to organs accessible from the exterior of the animal. The comb and feathers 
of the bird are, of course, among the b^t examples of externally accessible 
test objects. One might expect that local application would greatly reduce 
the amounts of active material required. Greenwood and Blyth {1935} were 
able to show that local injection of oestrone into the feather follicle, or of 
androsterone into the capon comb, increased the effectiveness of these sub¬ 
stances. Bussgtoger (1934) found that comb growth in the young chick could 
be caused by the application to the surface of the comb of remarkably 
small amounts of androsterone. In mammals, interesting r^ults have been 
obtained by the intravaginal administration of oestrone solution (Berger 
1935), by which means comification may be obtained with very small 
amounts of oestrogen. De Fremery’s work (1936) on unction of the goat 
udder is another example of the effectiveness of local application. Super¬ 
ficial application of oestrone to the skin may be effective even where the 
organ to be acted upon can only be reached via the circulation (Burrows 
1934), but large doses are required. 

Unction —^Free testosterone, testosterone acetate and testosterone 
propionate have been administered by smearing the solution on the shaved 
back. A total of 1 mg. of testosterone in 0*5 c.c. oil given by daily unction 
for 10 days produced P.-f-S.V. of 78 mg., a definitely positive response. 
Twice the amount in propylene glycol gave little response. Testosterone 
acetate was not observed to be effective by this route, but 2 mg. of the 
propionate applied thus in propylene glycol solution over 10 days was also 
just active (P.-{-S.V. = 81 mg,). 

These results show that for internal test objects unction is not a very 
efficient method of administration. For the comb and feathers of the capon, 
however, it has been very satisfactory. In the capon comb test for male 
hormone activity, carried out by five daily administrations, a total dose of 
2*5y by unction gave as large a response (6 mm.) as SOOy by injection, so that 
application by unction seems to be about 200 times more effective than the 
usual method. More remarkable is the prolonged effect obtained by unction 
of the free hormone. Fig. 4 shows the behaviour of the combs in two groups 
of capons. Both groups received 1 mg. t^tosterone in propylene glycol by 
a single direct unction to the comb, but one group received free testosterone 
and the other the propionate. Comb growth continues for only a very 
short time after injection of the free hormone, and the prolonged r^ponse 
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foflowiug unction is probably due to slow absorption through the surface 
of the comb. 

A somewhat dmilar result was obtained by unction of the feather tract 
with oestradiol and oestradiol benzoate just before the regenerating 
feathers appeared through the skin. 250 y free oestradiol, smeared over the 
whole of one breast tract, produced the type of response shown in fig. 5 d. 
This is due to a stimulus qf minimum effective intensity acting for a fairly 
long period, the exact converse to the response to 260 y oestradiol given by 


30 Propionate 



Days after administration 

Fig. 4—Comparative effect of 1 mg. of testosterone and 1 mg. of testosterone 
propionate by direct unction to the comb. Groups of five capons. 

a fiiQgle iniection, which is of full intensity but of very short duration 
(fig. 5 a) (see Parkes 1937, for discussion of the relevant details of the 
physiology of feather growth). The application by unction of 250y oestradiol 
aa heozoate leads to a very similar response, the stimulus being on the 
averse little more prolonged and no more intense, so that the compound 
must be considered as less effective by unction. From these comb and 
plumage tests it is clear that the inferiority of the free hormone in duration 
of action is largely abolished when administration is by miction. 

Oral cuimimstrcaionn-Adminiatration daily to castrated rats for 10 days 
in 0-1 c.o. propylene glycol of a total of 2 mg. testosterone free or as 
succinate or of 5 mg. androstanediol disuccinate faded to produce any 
significant response. 
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Ifiimpentonml injection —Experiments on the effectiveness of intra- 
peritoneal injection were carried out in connexion with the study of the 
influence of the rate of absorption. Since the peritoneum is one of the best 
absorbing surfaces in the body, the results were instructive. Castrated rats 
were injected daily for 10 days with a total of 2 mg. testosterone, free or as 
propionate, in a total of 1*0 c.c. propylene glycol. The free hormone pro¬ 
duced no demonstrable response, the propionate caused a P. + S.V. average 
of 61 mg. In other words intraperitoneal injection, even of the propionate, 
leads to such rapid absorption that effectiveness is minimal {see fig. 3). 

Intravenous injection —^As a sequel to the experiments on intraperitoneal 
injection, intravenous injections on rats would have been of interest, but 
continued administration by this route proved to be difficult. In one 
experiment, two intravenous injections at 5-day intervals of 1 mg. testo¬ 
sterone propionate in 0*25 c.c. propylene glycol were given. The treatment 
caused no response, but the fact is of doubtful significance, since two doses 
of the same amount in the same medium, given subcutaneously, also pro¬ 
duced no response. Capons, however, offered excellent opportunities of 
investigating the efficiency of intravenous injection. 1 mg. of testosterone, 
free, or as propionate, was given by the ordinary intramuscular route and 
also by intravenous injection. In each case the total dose was given as one 
injection in 0*1 c.c. propylene glycol. The results showed that by intra¬ 
muscular injection the propionate is about twice as good as the free hormone. 
The responses to the intravenous dosage were negligible, so that the effect of 
intravenous injection on the effectiveness of the ester was not determined. 
The experiment again shows the low effectiveness of testosterone when 
absorption is nearly or quite instantaneous. 

The plumage experiments were much more satisfactory. Oestradiol 
benzoate (1 and 5 mg.), oestradiol dibenzoate (2-5 and 5*0 mg.), free 
oestradiol (5 mg.), and oestrone benzoate (5 mg.) were given intravenously 
in 1 c.c. propylene glycol. The results were quite clear-cut. The smaller 
dose of oestradiol benzoate produced a faint response of the rachis spot 
type. The larger dose resulted in a complete band of female colour across 
the feathers (fig. 6c), averaging about 6 mm. wide at the rachis, and similar 
to that produced by the intramuscular injection of rather more than lOOy. 
Seven capons injected intravenously with 5 mg. free oestradiol showed a 
more variable response, but in four the effect was equal to that given by 
the ester (fig. 5 c). In other words, the firee hormone is as effective when 
given intravenously as when given intramuscularly, while the mono¬ 
benzoate is far less so. This presumably means that the prolonged 
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action of the ^ter folloTdng intramuscular injection is due to delay of 
absorption from the site of injection rather than to delayed hydrolysis or 
non-excretability of the ester. 

The results with the oestradiol dibenzoate and the oestrone benzoate 
were somewhat different. These substances are much less soluble than the 
others and difficulty was experienced in dissolving 5 mg. in a tolerated 
amount of propylene glycol. As a result, the material was partly out of 
solution when injected. The response to the injection of oestrone benzoate 
lasted about 10 days. This result may be due to the greater insolubility 
of the compoxmd or to the fact that much of the dose was administered 
as a crystal mush. The oestradiol dibenzoate results were interesting. By 
intramuscular injection not less than 10 mg. is required to cause an effect, 
which is then prolonged (fig. 8a-c). By intravenous injection, however, 
2*5 mg. gave a good though variable response (fig. 8d). This result shows 
that another effect of ^terification—^raising of the minimum effective 
dose—also depends on changes in absorbability from the site of injection. 

Our best thanks are again due to Dr. R. K. Callow for much advice and 
assistance. 

We are most grateful to Major G. W. Dunkin, Superintendent of the 
Institute’s Farm Laboratories, for his help in organizing the poultry stock 
which has made possible the plumage and comb work recorded in this 
paper; to Miss E. A. H. Salmon we are much indebted for her constant care 
of the birds. 

The male hormone compounds used in the work described were generously 
provided by Dr. K. Miescher and Messrs. Ciba. 


SlTMMABY 

1 — ^Further work has been carried out on the relation between method 
of administration and effectiveness of hormone preparations. 

2 — ^The response of the capon’s comb and of the accessory glands of the 
castrated rat have been used in the study of androgenic activity and the 
response of the plumage of the Brown lieghom capon in that of gynaecogenic 
activity. 

3 — Experiments are described on the effect of subdivision of the total 
dose, nature of the solvent, addition of fatty acid to the solution, esterifi¬ 
cation of the hormone, volume of medium and route of administration. 
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4— ^The influence of these different variables may be quite different for 
different substance, and it is concluded that no valid quantitative com¬ 
parison of two compounds can be made without a careful examination of 
the conditions necessary for maximum effectiveness. 

5— Certain of the free hormones show greatly increased effectiveness 
when given in dry form by the subcutaneous implantation of tablets or 
crystals. Recovery of the residue of the tablet from the rat after a 10-day 
period of experiment has made it possible to estimate the amount of 
hormone actually absorbed, and successive implantations of the same 
tablets to successive groups of rats has enabled the maximum effectiveness 
of a given dose to be determined. 

6— ^The esters lose their increased effectiveness when given by intra- 
peritoneal or intravenous injection and it is concluded that the prolongation 
of action by esterification is due to delay of absorption from the site of 
injection rather than to slow hydrolysis of the compound after absorption. 

7— ^In general, it seems that the free hormones lose their inferiority to 
the esters if the method of administration makes absorption inevitably 
slow, whereas the esters lose their superiority to the free hormones if 
absorption is rapid or instantaneous. 
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Desgeiptiok op Plates 10-13 

All feathers fern the crop region of Brown Leghorn capons. Previous feathers 

plucked 10-15 days before administration of hormone except in fig. 7 h-d and fig. 8 c. 

Growth rate of feathers approximately 2 mm. per day. 

Fig. 5—a, efiect of 250y free oestradiol intramuscularly in 4 c.c. arachis oil. 5, effect 
of 4 mg. free oestradiol intramuscularly in 4 c.c. arachis oil. c, effect of 5 mg. free 
oestradiol, intravenously in 1 c.c. propylene glycol. The duration of effect is 
similar to that produced by subcutaneous injection of a similar amount, d, effect 
of 250y free oestradiol, uneted to the whole of one breast feather tract in 1 c.c. 
arachis oH. 

Fig. 6 —a, effect of 250y oestradiol-3-benzoate, intramuscularly in 4 c.c. arachis oil. 
6 , effect of 4 mg. oestradiol-3-benzoate, intramuscularly in 4 c.c, arachis oil. 

c, effect of 5 mg. oestradiol-3-benzoate, intravenously in 1 c.c. propylene glycol. 

d, effect of 260y oestradiol-3-benzoate, uneted to the whole of one breast feather 
tract in 1 c.c. arachis oil. 

Fig. 7—^, effect of 4 mg. jfree oestrone intramuscularly in 4 c.c. arachis oil. 6 -d, effect 
of implantation of solid o^trone. Feathera from capon A 22 , 3 mg, crystal of 
o^trone implanted intramuscularly on 3.xi.36. Left breast plucked 22.X.36, 
right breast 2.xii.36, left breast again on 31.xii.36 and right breast again on 
2.ii.37. h, feather growing after plucking on 22.X.36. c, feather growing after 
plucking on 2.xii.36. d, feather growing after plucking on 31.xii.36. 

Fig. 8 a, lack of effect of 4 mg. oestradiol dibenzoate, intramuscularly in 4 c.c. 
arachfe oil. 6 , effect of 10 mg. oestradiol dibenzoate intramuscularly in 4 c.c. 
a^his oil. Prolonged stimulus of low intensity, c, effect of 20 mg. oestradiol 
dibenzoate intramuscularly in 10 c.c. €trachis oil. Prolonged and intense stimulus. 
This feather began to grow immediately after the injection, d, effect of 2-5 mg. 
oestradiol dibenzoate, intravenously in 1 c.c. propylene glycol. Much of the 
hormone was out of solution at time of injection. 
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Some Conditions Governing the Solubility of Iron 

By L. H. N. Coopbb, Ph.D., F.I.C. 

Assistant Chemist at the Plymmdh Laboratory of iJie Marine 
Biological Associalion 

{Communicakd by W. R, G, Atkins^ F.R.S.—Received 26 Jvly 19 ^ 7 ) 

The amount of ferric iron in true solution in sea water has been found to 
be very small (Cooper 1935). In the course of an investigation on the iron 
supply of diatoms, H. W. Harvey observed that ferric hydroxide, even in 
alkaline solution, continuously gave off ferrous ions which reacted with 
2: 2'-dipyridyl to give the red tris-dipyridyl-ferrous ion. This led to the 
inquiry—^how much iron can exist in true solution in sea water after 
equilibrium has been attained, and what are the conditions governing 
the equilibrium between ferrous and ferric ions? 

With this end in view the theoretical calculations of 1935 have been ex¬ 
tended and supplemented by a study of the oxidation-reduction potential 
of sea water (Cooper 1937). It wa^ realized that such information would 
apply to the absorption of iron from alkaJine solutions by other organisms. 


FeEROITS lOliT AS GOVERNED BY TBE SOLUBILITY OP FERROUS HYDROXIDE 

For the molar solubility of ferrous hydroxide the value 1-8 x 10'^* was 
derived from published data (Cooper 1935, Table VII). Kriukov and 
Awsejewitsch (1933) have further studied the solubility of ferrous hydroxide 
between pH 7*6 and 9 , the region in which we are interested. They titrated 
ferrous sulphate with sodium hydroxide by Britton’s method (1925a), and 
at pH 8 * 17 , representative of sea water, found the product to be 2*3 x 10”^^, 
in good agreement with the figure given above. This corresponds to 36 mg.- 
atom ferrous ion per litre. 

On a rather uncertain Whitman, RusseU and Davis (1925) suggested 

that the solubility of undissociated ferrous hydroxide in pure water is 
0*047 mg.-atom Fe per litre. This quantity should be independent of pH 
and is too small to affect Ehiukov and Awsejewitsch’s r^ults. 

For our purpose the order of magnitude of-this solubility product is all 
that is required. It is never likely to be of importance in sea water, since 
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the concentration or activity of ferrous ion will usually be controlled by 
oxidation-reduction potential. 


Febeic ion as governed by the solubility oe ferric 
hydroxide: titration method 

Similarly Kriukov and Awsejewitsch determined the solubility product of 
ferric hydroxide to be about 0-7 x 10-®®. Activity theory was not used, but 
in the following treatment this theory is introduced, since only with its 
aid is a true constant likely to be found. 

Recently Bray and Hershey (1934) have drawn attention to the existence 
in aqueous solution of the ion, FeOH+^, and have calculated the thermo¬ 
dynamic equilibrium constant, Kl, corresponding to equation (1): 

Fe++++H20 ^ FeOH++-hH+ ( 1 ) 

Kl = ^ g.Q X 10-3 at 25 ° C. (2) 

This work was based mostly on a study of ferric perchlorate solutions 
(see p. S 06 ). They have also calculated the molal, or concentration, equili¬ 
brium constant: 

— ”^EeOE++^H‘^ 

where is a function of the ionic strength. 

The total concentration of ionic ferric iron at a given ionic strength will be: 


+^FeOH++ 


7 ^ 2 + ” 1 " -^1 




( 4 ) 


Valu^ of Kl were given for a range of ionic strengths, /t up to = 1 at 

25 ° C. and up to = 0*3 at 35 ° C. The temperature coefficient of has 


been found from the relation: 


. ^logipK^ 


dt 


= constant. It appears justifiable 


to extrapolate into the range, = 0-3 — 0-6 at 35 ° 0 ., in order to calculate 
E{ at 18 ° C. for the temperature and concentrations of Elriukov and 
Awsejewitsch’s experiments. Their data admit of the calculation of the 
ionic strengths of their solutions, so that by applying the appropriate values 
of Kj the concentrations sind may be computed by equa¬ 

tion ( 4 ) (Table I). 
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The hydroxyl-ion activities are eai^y found from the observed pH values 
(strictly pa^), taking p^ as 14*23 at 18 ° G. We wish now to find the thermo¬ 
dynamic solubility products involving only activities. Unfortunately there 
are no data on the activity coefficients, 7y©+++ and yFeOH++9 ^ solutions 
such as th^e, so that we must write 

S 2 = ^FeOH++®OH” “ 7FeOH++^FeOH++®OH”? 

^3 “ ^Fe+++^OH“ ~ ype+++^Fe+++^OH-' 

The activity coefficient, y^Q ++^, is not likely to exceed ++, the coefficient 

of lanthanum ion, nor is yFe++ fr> exceed 7^++ ? tbe coefficient of any 
bivalent ion such as Mg++. We may therefore put 

7^©+++= <0*2 and 7FeOH'^’*’” 

The results in Table I then give us 

—^-- 10-25-2; 82= < 10-25-’; 

7FeOH++ 

—^= 10 - 26 - 5 ; 5 =<10-37.2, 

rFe++ + 


Table I —SoLtiBiUTr pbodtjcts rsr tebms oe AcrmriES eecalctjlatbd 


EEOM the data OF KeIUKOV AND A-WSEJE-WTTSCH (1933) 

S* -S3 




Kix 10» 

Wl'Fe'^'^’^ ^FeOH++ 

7FeOH+ + 

7Fe+++ 


jii 

at 18° a 

xlO^ 

xl0» 

= ^FeOH+ +^OH-' 

=mp©+++ooH:“ 

3*65* 

0*367 

1*362 

0*265 

1*61 

10 - 23.97 

10-35*32 

2*98 

0*386 

1*350 

1*86 

2*41 

10-«5*X2 

10-36*48 

2*85 

0*416 

1*308 

4*57 

4*04 

10-25.15 

10-36*48 

2-68 

0*517 

1*215 

15*5 

8*9 

10-25.16 

10-36*46 

2*32 

0*689 

1*144 

37*2 

16*6 

10-25.60 

10-37-16 

Accepted values 




10-25.8 

10-365 


* Examination of the data sho-tTs that the results at j)H 3-65 are likely to be less 
accurate than the others and have therefore been n^lected in arri-ving at the accepted 
values. 


Tebeio ion as go-vhenbd by the soLDBrLrrr of feebio 
hydeoxede: potential measttbements 

The potential, E*, of a system containing ferrous and ferric ions at activities 
05.0++ and ^ given by 

E* = E°+^ln^®iii, 

F Oj,e++ 


(5) 
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where is the standard potential of the system when the activities of the 
two ions are equal. When the system is saturated with ferric hydroxide in 
equilibrium with the solid phase, the activity of the ferric ion, is 

controll^ by the hydroxyl ion and consequently by the hydrogen ion 
activity. Thus 

_ S 3 

W’||te++H- 


^OH" 


■*^10 


( 6 ) 


=:E^-i- 




Replacing ajte+-f- by 75 ,^++^^^++ and converting to common logarithms, 
we get at 18° C. 



E*-E°-f-0*058 log ^ . ■ 

(7) 

Let 

Eg = E°-F 0*058 log 

-l^«)ype++ 

( 8 ) 

Then 

E^ = Eg — 0*058 logmpg++ — 0 * 174pH. 

(9) 


To be valid this expression requires only that ferric ion shah be in equili¬ 
brium with ferric hydroxide. Presence of other ions such as FeOH++ or 
PeQ^ will have no effect. Kriukov and Awsejewitsch derived expressions 
similar in form to ( 8 ) and (9) but using concentrations instead of activities 
and containing no activity coefficient, so that instead of equation ( 8 ) they 
had 


EJ = E° + 0-0681ogA 


( 10 ) 


Their measurements were made between 3*5 and 6 , more nearly 
approaching the pH of sea water than most work on the subject. Variations 
in yya+H- dilution and with the ionic strengths of the solutions are to be 

anticipated and the Eussian authors results for EJ show just such Hmall 
variations from the mean value, 1*011 V as would be expected. For the 
pr^nt we shall assume that EJ and ype+H- can be treated as approximately 
constant and will rearrange equation ( 8 ) to give 


log 


JSL. 

7Fe+ + 


E?-E° 

0*058 


-sp-s;,. 


( 11 ) 


Prom other measurements of their own, they took the standard potential 
of the ferric-ferrous electrode as 0*667 V, a value much lower t.Tia.Ti that 
generally accepted, viz. 0*747 V. Bray and Hershey ( 1934 ), after allovring 
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for the presence of FeOH"*^, consider that this latter value should be raised 
still further to 0-772 V. For our purpose this has much to recommend it, 
so that jfrom equation (11) 


log 


S, 


yFe+ + 


1-011-0-772 

0^^058 


-3xl4-2S 


10-38-57^ 


If the rather uncertain activity coefficient of ferrous ion is taken as 0-2 (see 
above), the solubility product becomes lO-^®*^. 

E^ukov and Awsejewitsch found departures from theory above pH 6 
which they attributed to a number of factors affecting their experiments. 
Noneoftheseislikely toariseinastudy ofseawateruptopH 8*5. Reviewing 
all the data for the thermodynamic solubility product of ferric hydroxide 
(Table II), the best value is considered to be 

^3 = %e+-+^^OH’ = 10 -®®*«. 


Table II— SolubiiiIty prodtjct of ferric hydroxide at 18 


Author 

Ruff and Hirsch ( 1925 ) 

Kriukov and Awsejewitsch ( 1933 ) 

99 99 

99 „ (revised) 

„ „ (revised) 

„ „ (revised) 

Britton ( 19256 ) 

JeUinek and Gk>rdon ( 1924 ) 


Method 

Fractional precipitation 

Titration 

Electrometric 

Titration 

Electrometric 

El^trometric and putting 

TFe++ ~ 

Electrometric 
Electrometric titration of 
tartrate 


DE AT 18° 

C. 



110 

-35-96 

70 

-36*15 

32 

-36*5 

6-3 

-37*2 

0-27 

-38*6 

0-05 

-39*2 

2 

-37-7 

1 

-38*0 


Using this measurement and the standard free energies of ferric and 
hydroxyl ions given in ‘'International Critical Tables”, 7, the standard 
free energy of formation of ferric hydroxide has been found to be about 
-168,000 cal. 

From Bray and Hershey’s figures for Kl at 25 and 35^^ C., at 18° C. 
has been calculated to be 3-7 x 10~^, and may be combined with the above 
value for to give the thermodynamic solubility product 


Since 


^2 ~ ®FeOH++<^OH”- 

Z o _ ®F€0H++®H+ _ ®FeOH++^OH~®H+ _ ^2-^ 

^ - A — rn 9 


3 

fltl'e+++ OB-e+++ ®oh: 

„ 3*7xl0-®xl0-«8*« 

— — 


& 




_ 10-26-8_ 


10-14-23 


( 12 ) 
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This compares with by the titration method and is probably more 

nearly correct. 

Using the values = 10 -^*® and 8^ = the maximum activities 

of the FeOH++ and Fe+++ ions able to exist in equilibrium in sea water at 
18° C. have been calculated (Table III). 

Table III— Activity of Fe+++ akb FeOH++ nsr saturated solutions 
OF FERRIC IRON AT 18° C.; pK^= 14-23 


pK 

®Fe*^ ++ 

®FeOH++ 

mg.-atom/m.® 

mg.-atom/m.’ 

8*5 

10-15*4 

10-9*3 

8-0 

10-13*8 

10-8*3 

7-5 

10-12*4 

10-7*3 

6-0 

10-7*9 

10-4*3 

4*0 

0*013 

0*5 


The RELATION BETWEEN THE ACTIVITY OF FERROUS ION AND 
OXIBATION-REBUCnON POTENTIAL 

Let US consider the equilibrium 

Fe++++e:;±Fe++ 

in a solution saturated with feme ion but not with ferrous ion. Equation ( 9 ) 
then applies, and if we insert EJ = 1-011 V and neglect the activity coef¬ 
ficient, 7 B'e++j high dilutions, we get 

E* = l-011-0-0581ogOFe++-0‘174pH. (13) 

When discussing the assimilation of iron by diatoms, negative osddation- 
reduction potentials and values of pH as low as 5 may well arise. The maxi¬ 
mum activities of ferrous ion which may exist in equilibrium with ferric 
ion under a variety of conditions are therefore set out in Table IV. 

Ibe activity of ferrous ion which can exist in equilibrium with saturated 
ferric ion at certain reversible and irreversible oxygen potentials is given 
in Table V. These potentials, reversible or irreversible, are those set up by 
oxygen in equihbrium with air, at 1 atm. pressure, dissolved in water at 
the values of pH given in the table. The great increase in the activity with 
small changes in pH and E* is clearly brought out. In Table VI are sum- 
m^ed the activities of the three ions, Fe+++, FeOH++, and Fe++ which 
will be present in equilibrium in sea water, containing solid ferric hydroxide. 

As r^ards the ferrous ion the significance of the reversible and irreversible 
potentials was discussed in a previous paper (Cooper 1937 ). If, for example. 
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a small amount of a ferrous salt were added to sea water at pK 8*0 (this 
pK we will assume to remain unchanged), the ferrous ion would he rapidly 
oxidized and ferric hydroxide would be precipitated until about 10“^ mg.- 
atom Fe++ per cubic metre was left in solution, corr^ponding to the 
irreversible oxygen potential. Further oxidation might then proceed more 
and more slowly imtil affcer an infinite time the activity would reach 


Table IV— Maximtjm activities oe ferrous iok, as mg.-atoms per 

CUBIC METRE, WHICH CAN EXIST IN EQUILIBRIUM WITH A SATURATED 

SOLUTION OF FERRIC ION 


E* 

lO 

ob 

8-0 

7-5 

6-0 

4-5 

+ 0*8 

10-16 

10-14-5 

10-13 

10-8-5 

10-3-9 

+ 0-6 

lO-lil-5 

10-11 

10-9-5 

10-5 

0-4 

+ 0-4 

10-8 

10-7-5 

io-« 

0-04 

lOOO 

+ 0-2 

10-5-5 

10 -^ 

0-003 

100 

3xl0« 

0-0 

0-008 

0-3 

0 

3x 105 

Sat. 

~0*2 

25 

800 

25,000 

Sat. 

Sat. 

-0-4 

65,000 

Sat. 

Sat. 

Sat. 

Sat. 


“Sat.” denotes that under the conditions stated the solubility product of ferrous 
hydroxide would be exceeded. 


Table V— Summary of ferrous ion activity as controlled by the 

REVERSIBLE AND IRREVERSIBLE OXYGEN POTENTIALS AT DIFFERENT 

VALUES OP pH 

Values of pH mg.-atoms Fe per cubic metre 

Reversible Irreversible 


pH 

E* volt 

OFe++ 

E* volt 


8-5 

0-73 

2x10-15 

0-44 

1 X 10-« 

8-0 

0-76 

2 xl0-i« 

0-46 

1-5 X 10-» 

7-5 

0-79 

2x10-15 

0-49 

2 X10"® 

6-0 

0-88 

2 X 10-15 

0-56 

4 X10-® 

4-0 

0-99 

2x10-5 

0-66 

1 


Table VI— Summary of maximum activities of different forms of 

IONIC IRON IN SEA WATER; MG.-ATOM Fe PER CUBIC METRE 







Governed by ape+++ 
and reversible 

Governed by ape-i-++ 
and irreversible 

pH 


“FeOH++ 

oxygen, potential 

oxygen potential 

8-5 

4 X10-15 

5 X 10-“ 

2x10-“ 

1 X10-15 

8-0 

1-3 X 10-i« 

5xl0-> 

2x10-“ 

1-5x10-8 

6-0 

1-3 X 10-8 

5xl0-» 

2 X10-“ 

4 xlO-5 
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mg.-atom per cubic metre, corresponding to the reversible potential. 
From the nature of the oxygen potential it is not possible to deduce much 
more than this and the expression equilibriummust be used with care. 
Even so it is of much value to know the limits within which the ferrous-ion 
activity is likely to lie. 

In the above treatment we have assumed that the only ionic forms of 
iron likely to be present are Fe^^, FeOH+‘^, and Fe"^*^ and that their 
activities in sea water will be as given in Table VI. Finally we must consider 
the work of Jander and Jahr { 1936 ) and their collaborators on the existence 
of ferrichloric acids in solutions of certain ferric salts. They examined 
dififiision coefficients in solutions of ferric perchlorate and of ferric chloride 
and were able to show that ferric perchlorate behaves as a true salt. Its 
behaviour justifies the treatment which Bray and Hershey gave to electro¬ 
chemical measurements made with it in order to evaluate Kl for the reaction 
involving FeOH-^-^ (equation ( 2 ), p. 300). The inability of the perchlorate ion 
to enter into complex foirmation through co-ordination linkages follows from 
the absence of free electron pairs in the central chlorine atom. The chloride 
ion is not limited in this way, so that the behaviour of solutions of ferric 
chloride is quite different. Jander and Jahr ( 1936 ) suggest that in strongly 
add solution (pH < 3) the compound HglFeClg] is present, and hydrolysis 
of this by mcreasing additions of alkali can be described schematically 
by the equations: 

HsEFeCle] aq. -f NaOH ^ H 3 [FeCl 5 (OH)] aq. -hNaCl, 

H 3 [FeCl 5 (OH)] aq. + NaOH H 3 [FeCl 4 (OH) 2 ] aq. -f- NaCL 

Although there is no evidence as to what conditions govern the final stage 
of this hydrolysis 

H 3 [FeCl(OH) 5 ] aq. + NaOH ^ H 3 [Fe(OH) 3 ] aq. -f NaOl, 

there is no reason to believe that ferrichloric acids can exist in sea water 
at pH 8 . 

In solutions of lower pH containing chloride ion the behaviour of iron 
may well be affected in some such way as this. Bray and Hershey ( 1934 ) also 
produced some evidence for the existence of the ion, FeCl++; if their calcula¬ 
tion may be extended to pH 8 —^and this appears doubtful—^the activity of 
FeCl++ wiU be between ten and twenty times that of Fe"^, so that, com¬ 
pared with FeOH++ and Fc^, FeCl++ may be ignored. 

All the evidence presented in this paper deals with equilibrium conditions, 
and there is evidence that equilibrium in the iron system is but slowly 
attained. Even so, in the sea we are concerned with a time scale measured 
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in weeks or mouths and not in minutes as in most laboratory experiments, 
so that it is not unreasonable to conclude that the results of this investigation 
give a good general picture of events as they occur in the sea. 

The treatment is general and applies not only for sea water but also for 
other natural waters and for physiological fluids whose oxidation-reduction 
potentials are controlled by dissolved oxygen. In any case the maximum 
activities of Fe+++ and FeOH++ will be independent of oxidation-reduction 
potential. For any system of known E* and pH, the ferrous-ion activity at 
equilibrium may be found from Table IV or equation (13). 

Su mm ary 

Existing data on the solubility products of ferrous and ferric hydroxides 
and on the ion, FeOH++, have been used to calculate the maximum activities 
of Fe+'^j FeOH++ and Fe+++ which may exist in sea water. 

The maximum activity of ferrous ion is controlled both by the activity 
of the ferric ion and by the oxidation-reduction potential of the system. 

The maximum activity of the three ions at equilibrium in sea water are 
presented in Table VI- Other tables show equilibrium conditions at a range 
of oxidation-reduction potentials and hydrogen-ion concentrations- 
The total quantity of iron in true solution in water after equilibrium has 
been attained does not exceed 

3 X mg. iron per cubic metre at pH 8-5 
4x10“’ „ „ „ 8-0 

4xl0“5 „ „ „ 7-0 

5xlO“S „ „ „ 6-0 

and of this the greater part consists of ferrous and FeOH++ ions. In more 
acid solutions ferrichloric acids may have to be taken into account. 

These values apply to iron in sea water, in natural waters and in many 
physiological fluids. 
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I—^iNTRODXTCnON 

The pectiliar relations between electrotonio and excitatory processes lead 
to the fundamental problem: is the establishment of catelectrotonus (or 
the disappearance of anelectrotonus) responsible for the development of 
the change in nerve which culminates in excitation? 

It has been su^ested, without direct evidence, that a certain shift of the 
membrane potential by means of polarization or charge of the axon mem¬ 
brane is the physical condition for the occurrence of the physiological re¬ 
action in electrical stimulation (Lapicque 1907 ; Bernstein 1912 ; Ebbecke 
1927 ). The core-conductor properties of nerve, however, permit the obser¬ 
vation, in the polar region, of a possible parallelism between the magnitude 
of such potential changes at any moment and the onset of the electrical 
response (Cremer r 932 a). The physico-chemical basis of this conception has 
recently been reviewed (Rosenberg 1937 ). An extended core-conductor 
scheme is shown in fig. 1 , iucluding the longitudinal resistances of both core 
and envelope r^, and the transverse resistance (myelin sheath (?), 
i.e. a substrate of longitudinal resistance much greater than Tg) situated in 
fi»nt of the polarizable interface (or static membrane capacity) which is 
represented by condenser c with leak resistance . 

The consequences of the theory were experimentally investigated by 
Ro^nbei^ ( 1932 )- I* is possible to record the development of ion accumu¬ 
lation, regardless of the type of capacity involved, during the action of the 
dectrical stimulus at the stimulated point (or at a lateral distance fi:om 
it—electrotonus in the usual terminology) by leading-off the electrotonic 
potential difference between the pole (or an adjacent extrapolar point) and 
a distant unaffected portion of the nerve. The shape and rate of rise of 
electrotonus generated by a subliminal direct current pulse were shown to 
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resemble the features of Cremer’s (1932 6 ) theoretical curve for the establish¬ 
ment of polarization in nerve, particularly at a lateral distance jfrom the 
pole. 

To a jSrst approximation, however, the major part of the rise (and fall) 
of the electrotonic potential at the pole may be regarded as exponential 
(Bogue and Rosenberg 1934 ). In the sciatic nerve of J?. temporaria 1/2 
and 1-1/e of the maximum of the catelectrotonic potential are reached 0-17 
and 0-25 msec, after make of a direct current, and practically the final 
value is attained after about 3 msec, at room temperature. At threshold 
stimulation with direct current the action potential appears at the cathode 
when the electrotonic rise has almost reached its maximum. Kwe take about 



Fig, 1 —Scheme of a resistance-capacity conductor completed by resistances of core 
and sheath, AB, envelope; CJD, core; c, membrane (? interface) capacity; membrane 
(leak) resistance; rg, myelin (?) sheath r^istance; envelope (connective tissue-f- 
interstitial fluid) resistance; core (axon) resistance; —, +* leading-to electrodes, 
c, and constitute Hermann’s equivalent circuit for a single polarizable element. 

l/lflO of a maximum action potential as a thr^hold r^ponse, the time 
interval between make of the current and start of the electrical response 
is about 1*85 (1-7-2-0) msec, at 18° C. (these nerves were kept at least 
1 hr. in salme with 0*01 % CaCl 2 ,0-0075 % KCl and 0-01 % NaHCOg which 
probably did not alter their natural accommodation (see Solandt 1936 ; 
unpublished experiments by Rosenberg 1929 )). According to Blair and 
Erlanger ( 1936 ) the time interval between make and response at the excited 
point corresponds to the utilization time in threshold stimulation by direct 
current pulses of rheobasic strength. Hence the conclusion is justified 
that under these conditions excitation occurs when the rise of the cathodic 
potential is essentially finished. The final value is about 30 % of the applied 
voltage (measured between the contact points of the electrodes). Since 
this external rheobasic voltage is of the order of 30 mV in the sciatic of 
R. temporaria at 1 cm. electrode distance, the internal threshold is about 
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9 mV (determined on the trunk). In threshold stimulation by condenser 
discharges the peak height of the catelectrotonic potential is identical when 
the voltage is doubled and the capacity readjusted for minimum response 
(Rosenberg 1931). 

Schmitz and Schaefer (1933,1934 0,7 f>) obtained similar results which they 
interpreted in terms of a voltage theory of stimulation (see also Schaefer 
1936 a). This conception was supported by the observation that in threshold 
stimulation with relatively slow condenser discharges {RC of the order of 
1-2 msec.) the action potential started when the electrotonic potential at 
the cathode passed through its maximum (the discharges being distorted 
by the nerve reactance). In accordance with Cremer’s (1932 b) assumption 
they stated that the half-time of the catelectrotonic rise at make of a direct 
current was of the order of ordinary chronaxie values, and supposed that 
the action potential originated half-way during the rise when a direct 
current of double the rheobasic strength was applied. Suice in these 
circumstances the start of the action potential was indistinct, they measured 
the duration of the rising phase of a propagated wave eHcited by the same 
stimulus, and deducted this duration from the interval between make and 
summit of the wave recorded at the cathode. Such a stimulus, however, 
will affect numerous fibre groups in succession, and the propagated wave 
will show an enhanced temporal dispersion. These and other inconsistencies 
(e.g. at double the rheobasic voltage the catelectrotonic potential was not 
doubled) invalidate the argument. Actually in his last investigation 
Schaefer (1936 b) encountered great difficulties in comparing half-time of 
catelectrotonic rise and individual chronaxie in the same preparation 
(see § IV). 

Threshold” responses of nerve to alternating current, simultaneously 
with the stimulating current or the electrotonic potential, have been 
recorded at low and medium frequencies after conduction (Lullies 1930 c; 
Schaefer and (Jopfert 1936). It appears that the response occurs at medium 
frequencies on the crest and at low frequencies during the rise of the 
negative half-cycle of the electrotonic potential at the respective pole. 
(With decrease of frequency the accommodation of nerve to the electric 
stimulus requires the onset of excitation to regress increasingly from the 
catelectrotonic crest, but noticeably only below the optimum frequency 
(Hill 1936 a; Hill, Katz and Solandt 1936).) 

On the basis of all these observations we may express the hypothesis in 
the precise form that excitation occurs if and when the internal threshold 
is reached by the catelectrotonic potential in the course of its development. 
Since threshold variations are negligible over a wide range of durations and 
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frequencies, it is admissible to ignore accommodation and to regard the 
threshold condition as constant within this range. We can, therefore, discard 
the difficult absolute measurement of electrotonic potential at minimum 
electrical response and confine our observations to an arbitrarily fixed 
subliminal catelectrotonic potential. 

Hence, if excitation is determined by the rise of the catelectrotonic 
potential to a critical value, then all the relations (strength duration, 
voltage capacity, intensity frequency, and their modifications with inter- 
electrode distance, etc.) which have been found for threshold excitation 
should have their counterpart in the rise of the electrotonic potential to a 
given subliminal value. Instead of taking threshold excitation as index 
and measuring the voltage required for a given capacity, or the intensity 
required at a given frequency, the rise of electrotonic potential to a fixed 
subliminal height may be taken as index and the relation between voltage 
and capacity, or intensity and frequency determined (strength-duration 
curves were not recorded because of the technical difficulties in the precise 
generation of extremely short rectangular shocks). Graphical representa¬ 
tion permits a comparison of the results obtained in electrotonus with 
theoretical curves which fit the data obtained in excitation (Hill 1936 a, b ; 
Hill, Katz and Solandt 1936). In this way the analogies between electro- 
tonus and excitation, with regard to shape and time constant of the curves, 
were investigated in meduUated nerve. The results of preliminary experi¬ 
ments have been communicated in brief by Harris and Rosenberg {1935) 
and by Harris, Rosenberg and Sager (1935). 

n—^M ethods 

Amplifier —^Three units built according to the balanced bridge scheme 
(see Harris 1932) were coupled directly. This design ensured great stability 
of base-line and good constancy of amplification. When balance was ^tab- 
lished the input valve was operated with fiee grid potential; hence no 
grid current passed through the nerve connected with grid and cathode 
(= proximal earthy lead). Sensitivity and linearity were regularly checks 
in the course of observations by means of D.C. potentials, 1 mm. deflexion 
on the screen of the cathode-ray tube corresponding with 0-lfi-~0-18 mV. 
The frequency characteristic of the amplifier b^an to slope at 1000 hz. 
(hertz = cycle per sec,), but the decline was marked only beyond 3000 hz. 
(about 10% at 3200 hz.). 

Hence in experiments on A.C. electrotonus usually the frequency of 
3000 hz. was not exceeded. This deficiency of the amplifier, however, do^ 
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not impose a strict upper limit in practice, provided that both polarizing 
and electrotonic potentials are measured after amplification. As will be 
shown, the subthreshold electrotonus generated by sinusoidal currents 
and condenser discharges (similar to that by direct currents) shows a 
linear potential summation when the polarizing potential is raised in steps. 
If on account of the decline in frequency response of the amplifier the 
polarizing potential has to be increased in order to produce a finite electro- 
tonic potential, the relative errors of potential measurements are the same 
in the two cases and, therefore, do not affect the result. This method seems 
safe within reasonable frequency limits. 

Condenser discharges —^Inductance and stray capacity of the simple 
circuit adopted for the delivery of single condenser discharges were not 
measured; but since the wiring was very similar to that used in previous 
experiments the same negligible values may be accepted without serious 
error (Rosenberg 1935). The polarizing and recording circuits were entirely 
insulated from ground and—connected through the adjacent electrodes— 
kept at local earth potential. This arrangement fu lfi lled the condition of a 
miniTnum current spread in dead nerve (in order to detect such errors a 
frequent control on dead nerves was observed). 

With single discharges the reading, particularly of the very rapid 
deflexions, is rather difficult, but still practicable with some precautions. 
Since, for simplicity, no sweep was provided, only the vertical movement 
of the spot was observed between two fine horizontal lines on the screen 
for marking base-line and peak height of the finite electrotonic potential 
change. Precision was conveniently obtained by adjusting subsequent 
deflexions just below, level with, and just above the top mark. Assuming 
that with a steady spot differences of 0-25 mm. are discernible, the error 
is less than ± 1 % when the full deflexion is 25 mm. The error increases, of 
course, if extremely rapid discharges are applied and/or the deflexions are 
diminished in height. 

For a given voltage E the dischai^e times RO were determined which 
gave the same electrotonic potential when R was made large or small. 
The close agreement of the observed values confirmed that the results were 
not vitiated by inductance or capacity of the circuit. When examined with 
time base the discharges showed no trace of oscillation. In order to avoid 
the uncertainty of faint deflexions and a critical transgression of the 
firequency li mit of the amplifier, the shortest discharge times used were of 
the order of 20 /isec. 

Electrodes^ chamber , j>rejparation —^The electrodes were calomel half-cells 
of large mercury surface which prevented any polarization for the duration 
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and strength of the applied currents. The D.C. resistance of a pair, made 
up with Ringer’s solution, was less than 2000 a). 

The nerve was placed in a paraffin-wax chamber upon the edges of 
moistened filter-paper strips (width of contact about 0-5 mm. in the longi¬ 
tudinal direction of the nerve). The chamber was fitted with five strips and 
seven electrodes (fig. 2), By suitable combination of leading-to and leading- 
off electrodes, the electrotonic potentials could be determined at the pole 
itself or at a variable extrapolar point (i.e. wdth the “intermediate” 
distances 0 , 1 * 5 , 3 mm.) wdth both long or short polarizing length (“inter- 
polar ” distances). Before and after use the absence of leakages between the 
strips was checked. The resistances of nerve plus electrodes and strips were 
measured with a D.C. bridge. 


IV V VI Vll 



Fig. 2—^Electrode arrangement. 1-5, filter-paper strips (distances between middles 
inserted in diagram); I-IH, leading-to electrodes; IV-VII, leading-off electrodes 
(VH permanently connected with grid lead; IV, V, VI alternatively connected with 
cathode lead). The length of nerve between adjacent leading-to and leading-off 
electrodes is the “intermediate” distance, p, peripheral; c, central end of nerve 
bridging the filter-paper strips. 

The sciatic nerves of Hungarian frogs were dissected with an unbranched 
peripheral part as long as possible and tied at both ends (total length 
65-70 mm.). After soaking for about 1 hr. in saline (NaCl 0*6%, CaClg 
0*01 %, KOI 0‘0075 %, NaHC03 0*01 %) at room temperature, the nerve 
was mounted in the chamber with the peripheral end on strip 1 in order to 
utilize the unbranched part for the polarized and adjacent electrotonic 
region. Between the leading-off electrodes injury potentials, if present at 
aU, were very small. The experiments were made at room temperature. 

Alternating currents —^For the generation of sine waves two heterodyne 
oscillators were available. An experimental t3rpe, constructed by Professor 
D. T. Harris, covered a range from 50 to 3200 hz. with a good wave form 
and even output over the major part of the band. The frequency was 
calibrated and retested during the experiment with a commercial type 
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(Birmingham Sound Reproducers Ltd., battery-operated model) with two 
frequency scales from 10 to 15,000 hz. which were adjusted by zero-beat 
control. According to specification the harmonic content was less than 
2 % of fundamental down to 20 hz. Most of the experiments were made 
with the experimental oscillator because it gave practically no electrical 
interference. With small output (by transformer with 5000 w impedance) 
the commercial oscillator also gave satisfactory results and was used when 
the observations were extended to lower and higher frequencies. Un¬ 
fortunately the low-frequency scale was not sufficiently subdivided. 

The peak voltage applied to the electrodes and the peak current (P.D. 
across a small non-reactive series resistance) sent through the nerve from a 
non-reactive potential divider were measured with amplifier and oscillo- 

The electrical conditions secured the absence of a substantial spread 
at a small distance from the pole in dead nerve, even with relatively high 
frequencies, when voltages were applied which were equal to those used for 
the measurement of eleetrotonus at the pole in living nerve. For instance, 
at an intermediate distance of 1’5 mm. (2 mm. between the middles of the 
filter-paper strij^) with 2400 hz. the potential in a dead nerve was about 
1 % of the electrotonic potential in a living nerve at 0 mm. intermediate 
distance and below 0-5 % with medium frequencies. With low frequencies 
at 0 mm. distance the potential in dead nerve was about 1/10 of that in 
living nerve; this ratio, however, rose noticeably with increase of frequency. 
Possibly balanced output of oscillator and input of amplifier might be 
suitable to overcome this difficulty. Some experiments were made, under 
different conditions, with an A.C. amplifier of less than 2 % loss at 20 hz. 
(from the Research Laboratories, Marconi Works, Chelmsford), which gave 
essentially the same results as those with the D.C. amplifier. 

Ill—R esults 
A —Condenser discharges 

All the experiments concern catelectrotonus, since anelectrotonus is of 
no immediate importance in stimulation; the classical statement (Cremer 
1929) that only genuine cathodes stimulate could be supported by special 
experiments with condenser discharges. 

The relation between the potential E and the time constant RG of a 
condenser discharge in thr^hold stimulation is expressed by the equation 

EIEQ^(RCIk)^Gj^ 



(1) 



Electrotonus and Excitation in Nerve 


315 


(see Hill 1936 a). Eq is the rheobasic potential and Jc is the time constant 
of excitation or—^in the proposed interpretation—of rise of the electro¬ 
tonic potential at the stimulating cathode. Although this formula dis¬ 
regards accommodation, it is valid for medullated nerves of frogs over a 
ten-thousandfold range of discharge times (see Hill 1936 6). It also applies 
to medullated mammalian nerves as is indicated by a curve (fig. 3) which 
is plotted from the mean results obtained in dog’s phrenic nerves (Rosen¬ 
berg 1935): the predicted minimum quantity of electricity required for 
excitation with discharges of extremely short durations is closely approxi¬ 
mated. It seems, therefore, justified to base the comparison between 
electrotonus and excitation upon this equation, without considering, for 
the time being, its theoretical foundation. 

Following Rushton’s (1931) suggestion the observed values for E and 
RC were plotted on a bilogarithmic scale (for accuracy the scale of the 
voltage ordinate was taken twice that of the time axis). This representation 
eliminates the variability in shape with Eq and h and thus simplifies 
enormously the comparison with the theoretical curve and the exact 
location of the point of minimum energy where RG = k. To this end Hill’s 
(1936 b) procedure was adopted. 

The diagrams obtained in this way show the theoretical curves drawn 
through the experimental points from which time constant and rheobase 
are derived. It may be anticipated in general that, regarding shape, the 
coincidence between observed and calculated curve is perfect within the 
limits of error for the range of discharge times investigated. Although the 
curves are not continued towards the shortest durations, it seems admissible 
to infer that the curves tend towards a minimum quantity (^e fig. 4 ). 
The points of minimum energy are marked by arrows and the rheobases 
are indicated by lines on the right side of the diagrams. The absolute 
value of Eq has, of course, no other meaning than to designate a sub¬ 
threshold potential appropriate to generate an arbitrary fixed catelectro- 
tonic potential P. 

1 —The time constant as a function of intermediate distamee. 

The results of a set of measurements are summarized in Table I. Omit¬ 
ting one experiment, we obtain on an average 185 /«sec. for h at the cathode, 
i.e. with intermediate distan(^ 0 mm., the mean interpolar length being 
about 20 mm. (see fig. 2). If we assume that under th^e conditions the 
rise of catelectrotonic potential at make of a direct current is exponential, 
the half-time of the rise, calculated from a time constant of 185 /isec., 
amounts to 130 /^sec. This value is near the lower limit of the half-time 
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ma. 3-Volt^e-ea^ity curve of dog’s phrenic nerve for semimaximal stimulation 

•f’^erage curve from four experiments. Mean tempera¬ 
ture 21 C. Cireles, observed pomts; broken line, theoretical curve from equation (1) • 

minimum quantity of electricity; arrow, contact point 
-BO = A= 327/isee.; extrapolated rheobase 
( izont^ Ime), 0-1...6 V, i.e. about 0-1 V between points of contact on nerve for 
semimaximal response. xicxve, lui 



Fig. 4—Voltage-capacity curve for constant catelectrotonic potential with inter¬ 
mediate distances 0 and 3 mm. Notation as in fig. 3. Sciatic nerve of Hungarian fimg 
Bx, room temperature (19*4® C.). 
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data { 124 - 212 /tsec.) directly determined in sciatics of i2. temporaria 
(Bogue and Rosenberg 1934). 


Table I —^Eleotrotonic time constant h, “bheobase” Ef^ akd 

POTENTIAL P EOB INTEBMBDIATB DISTANCES 0 AND 3 MM. INTEB- 
POLAB DISTANCE 16 - 22-5 (AVBBAGE 19 ) MM. 



10- 

sec. 

P, 10-3V 


10-3 V 



0 nnn. 

3 rn-m. 

0 Dam. 

3 Dom. 

0 mm. 

3 mm. 

0 mm. 

3 Dam. 

16-7 

162 

562 

5-71 

5*71 

27*9 

120 

20-5 

4-75 

16-8 

178 

398 

5-85 

2-93 

35-1 

105 

16-7 

2-80 

19-4 

195 

468 

6-00 

6-00 

24-6 

94-4 

24-4 

6*35 

16-9 

170 

427 

6-80 

3-40 

26*3 

no 

25-8 

3*10 

18-5 

200 

468 

6-00 

3-00 

33*5 

89*1 

17-9 

3-36 

19*3 

193 

— 

6-00 

— 

27-5 

_ 

21-8 


18-0 

195 

— 

6-55 

— 

28*2 

— 

23-2 

_ 

Av. 18-0 

185 

465 

6-13 

4-21 

29-0 

103-7 

21-5 

4-07 

19-0 

157 

316 

6-56 

3-28 

36*7 

219 

17-9 

1-50 

19*2 

— 

376 

— 

2-40 

— 

136*5 

— 

1-76 


With the commutator technique (see Hill 1934; Harris and Rosenberg 
1935) voltage-capacity curves were recorded for “minimum” electrical 
response at the stimulated point in nerves of the same batch of Hungarian 
as u^ in the observations of electrotonus. The time constant k 
for excitation was about 360 /«sec. at room temperature, in accordance with 
the ordinary valu^ quoted by Hill (1936 b). It is obvious, therefore, that 
the electrotonic k is only about half the excitatory k. 

A possible explanation was the supposition that the electrotonic time 
constant might increase when the electrotonic potential was raised, and 
approach the excitatory time constant when the threshold was attained. 
Beside the general interest in the relationship between magnitude of the 
polarizing potential and development (and height) of the electrotonic 
potential, a special interest was attached to the problem because of an 
e^enmental difficulty. With a polarizing potential giving an electrotonic 
deflemon over the whole linear range of amplification when led-off at the 
cathode, the deflexion was insufficient for an exact measurement when led- 
off at mtermediate distances of 2-3 mm. This well-known decline of electro- 
tome fwten^ along the extrapolar region made it necessary to increase 
the polar^ potential E considerably in order to obtain' a suitable 
^flexion F. Now a comparison between electrotonic time constants k and 
Ween electrotonic potentials P at different intermediate distances would 

^ independent of E and P (subthreshold), 

and (2) E and P were m a simple relation. 
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For these reasons voltage-capacity cnrv^ were recorded at the cathode 
for two different electrotonic deflexions, for convenience one twice the 
other (40 and 20 mm. equal to 6 and 3 mV). The corresponding data were 
plotted, their time constants and relative rheobases computed, and the 
ratios P/Eq calculated for the two eases. It appears that there is no increase 
of k with enhancement of the electrotonus, both curves giving the same 
value. Exactly double the ‘‘rheobasic” voltage is required for generation 
of double the electrotordc potential. The same relation exists between the 
voltage pairs for the respective discharge times. Accordingly, the ratios 
PJEq are identical within the limits of error (e.g. 25-8 and 25 - 4 %). We 
conclude, therefore, that in electrotonus ( 1 ) k is independent of E and P, 
and (2) P obeys a law of summation over the whole range from shortest 
discharges to ‘"rheobasic” conditions, at least for the applied subthreshold 
potentials. 

This result, of course, fulfils the theoretical predictions for a core-con¬ 
ductor model composed of fixed resistances and capacities. It was, however, 
by no means certain that the membrane capacity (or capacities) would not 
be affected by an increase of polarizing potential in the same manner as 
that of a non-corrodable electrode when the critical voltage is exceeded. 
Recently, Schaefer (1936 b) observed proportionality between E and P for 
long rectangular pulses. The same relationship between intensity of a 
continuous polarizing current and the electrotonic current (with inter¬ 
mediate length of several mm.) was supposed already by Du Bois-Reymond 
(1849), difficult to establish with inert instruments because of the 

gradual change in time of both magnitudes. 

When the development of electrotonic potential generate by a long 
subliminal ptilse is recorded at different lateral distances from the pole, 
an approximately linear relation is found between the duration of the rise 
to a definite fraction of the maximum and the intermediate distance 
(Bogue and Rosenberg 1934). These observations suggested an increase of 
the electrotonic k when the voltage-capacity curv^ were determined at 
extrapolar points. For technical reasons curves were obtained only for 
one intermediate distance different from zero, namely 3 mm. (measured 
between the middles, i.e. 2-5 mm. between the inner edges of the strips). 
Contrary to theoretical expectation (see § IV) the observed points fit the 
calculated curve excellently (fig. 4 ). The position of the curve is shifted 
towards longer durations and higher voltages. The numerical r^ults 
obtained in the same nerve at 0 and 3 mm. intermediate distance are: 
k, 195 and 468 /£sec.; Pq, 0-0246 and 0-0944 V; PIEq, 24*4 and 6 - 35 % 
respectively. Although 3 mm. lateral from the cathode the electrotonic 
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riseatmakeofadirect currentisslightlyS-shaped, we may, with due caution, 
compare its duration of rise to 1-1/e of the final height with, the time con¬ 
stant derived from the electrotonic voltage-capacity curve. We infer from 
the previous measurements on sciatics of B. temporaria that the present 
electrotonic 1 : at 3 mm. is shortened by approximately the same ratio 
as at 0 mm. intermediate distance. This concord is essential since, as 
proved by tests in dead nerve, the extrapolar electrotonus is certainly not 
vitiated by any physical current spread. The mean value of at 3 mm. 
computed from a series of such experiments is 466 /isec. (see Table I). The 
last two experiments are not included in the average because, at 3 mm. 
intermediate distance, they yield a very low ratio PjEo associated with a 
relatively small k (the second experiment of the series shows a aiTnTlfl.r 
tendency). 

In this connexion we note that P/Eq measured at the cathode is smaller 
in sciatics of Himgarian frogs than in those of B. temporaria ( 17 - 26 % as 
compared with 30-40 %). The threshold potentials for direct current are 
also different, viz. greater in the nerves of Hungarian frogs than in those 
of .8. tempormia, whereas, as has been shown, the electrotonic time constant 
at the pole is smaller in the former than in the latter. 

It seems possible to reduce these various differences formally to a common 
factor if we assume that the equivalent of the parallel resistance r-^ of the 
core-conductor circuit (fig. 1) is (absolutely or relatively) smaller in one 
t^ of nerve (Hungarian frog) than in the other. Obviously the fraction 
of the applied voltage to which the polar (membrane) capacity c is charged 
dmumshes with decrease of at the same time the duration of the charge 

to, say, 1-1/e of the final voltage is shortened (Hermann 1905). Accord- 
u^ly, the tem^ral rise of extrapolar electrotonic potential is accelerated 
while the gradient of its spatial decline is increased. Hence the gnia.nAr r, 
lie tie &II of PIE, along the nerve, i.e. in order to obtain the 

(aiginal Snal pototial differenoe acroee c at any point the applied 
vo^e hM to be rais^ according to the diminution of and to the inter- 
me^atedistance, wlule the corresponding “time constants” appear to 


2 —P/ie time constant as afuru^ion of the interpolar distance. 

The c^naxie of frog’s nerve decreases (by about 35 %), and the rheo- 
■ stimulating electrodes 

^914). The increase of 

J^old mtenmty of a direct current in these circumstances is a fact pre¬ 
viously established by several workers. It is interpreted by the hypothesis 
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(Rushton 1934 ) that under constant threshold conditions the same current 
has to traverse the membrane at the cathode with any interpolar length, 
and that the increase of total current with decrease of the iuterpolar 
distance is necessitated by a corresponding diminution of the penetrating 
fraction, this change in current distribution depending on the r^istance 
conditions in a core-conductor. Recently it has been demonstrated 
(Bouckaert and Katz 1935 ; see also Hill 1936 b) that the voltage-capacity 
curve mamtains its shape while the time constant decreases to nearly a 
half when the interpolar distance is diminished from 15-21 mm. to less 
than 1 mm. 

In order to elucidate how far changes of & in electrotonus might explain 
the diminution of i in excitation, voltage-capacity curves were recorded 
for different interpolar and intermediate distances. The cathode wa^ kept 
in a fixed position and the anode was changed between 1-5 and 22*5 mm. 
distance; the intermediate distance was alternately 0 and 3 mm. The results 
of an experiment are represented in fig. 5 which shows that the experi¬ 
mental data satisfy the theoretical curves in all the conditions. With 0 mm. 
intermediate distance the electrotonic Jc was reduced from 200 to 141 /^sec. 
(i.e. by 29*5 %) and with 3 mm. intermediate distance from 468 to 327 /mee, 
(i.e. by 30*1 %), when the interpolar distance was diminished from 22*5 to 
1*5 mm. At the same time the relative “rheobases” decreased from 33*5 
to 16-4 mV and from 89-1 to 63*1 mV respectively, while the ratios PJEq 
increased from 17*9 to 35*1 % and from 3*36 to 4-75% respectively. In 
dead nerve with intermediate distance 0 mm. the spread also increased 
when the interpolar length was reduce, whereas with 3 mm. intermediate 
distance there was no spread at all for the capacities and voltages used in 
the living nerve. Hence the increase of spread at 0 mm. intermediate 
distance has no decisive influence on the result, and the decrease of both 
time constant and “rheobase” in electrotonus is real. The mean values of 
four experiments at 22-5 and 1*5 mm. interpolar distance are for k, 183 and 
144/isec. (i.e. 21*3%) and 387 and 288/^ec. (i.e. 25-5%) at 0 and 3 mm. 
intermediate distance respectively (some of the nerves showed low ratios 
P/J^Q and accordingly small values of ifc at 3 mm. intermediate distance). 

While there is a complete analogy between the time constants of electro¬ 
tonus and excitation in their dependency upon interpolar length, the 
behaviour of the electrotonic ‘^rheobase” seems to differ from that of the 
excitatory rheobase observed by the workers quoted. This discrepancy is 
probably not essential, since the voltage largely depends on circuit con- 
ditions-if it is not measured directly between the points of contact on the 
nerve. From the voltages and resistances observed the currents passed 
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through the nerve with the two interpolar distances were computed: with 
the short distance (outer edges of electrodes at least 2 mm. apart) the 
intensity was almost double that with the long distance (the values for the 
spread-free intermediate distance of S mm. were used for this calculation). 
This relative increase of amperage for electrotonus is in satisfactory agree¬ 
ment with that for excitation, and the observed decrease in polarizing 
voltage does not actually contradict the results obtained in stimulation. 

B —Alternating currents'^ 

The relation between electrotonus and frequency is of particular 
theoretical significance, becatise the electrotonus does not involve some 
complications which occur in repetitive stimulation (see Holzer 1936; 
Schaefer and Gopfert 1936). Failure or diminution of reaction due to 
refractoriness or fatigue does not develop in subthreshold electrotonus. 
At frequencies of 2000-4000 hz. the electrotonus shows an uninterrupted 
train of even waves (observed with high vacuum cathode-ray equipment 
with linear time base, Marconi Works). Henc^ it is permissible to observe 
the electrotonus durmg a steady state at any frequency, thus avoiding the 
influence of phase at make of the current. 

Since accommodation originates independently of excitation during the 
flow of a subliminal current, the continuous shift of the threshold condition 
may find some correspondence in a change of ‘‘polarizability”. Now the 
results of excitation at low frequencies fit an equation (Hill, Katz and 
Solandt 1936) which embraces the time constant of accommodation in 
addition to that of excitation. An electrotonic equivalent of accommodation, 
therefore, would provide a physico-chemical basis for an appropriate de¬ 
scriptive term. The results, however, are not sufficient to ^tablish this 
conception. Again, the electrotonic observations are compared with the 
excitatory results by means of an equation which represents closely the 
data obtained in Hminal stimulation over the decisive frequency band. 

1 —Time constants in A.C, eledrotonm. 

We arrive at numerical values of in two different ways. Hill (193^ 
has shown that the relation which connects the intensity I required for 
steady threshold stimulation (one response for each successive cathodic 
half-wave) with the frequency n is expressed by the equation 

Ilh = V{(i + 47 t%2*2) (1 + (1) 

* In collaboration with O. Sager, Bucharest, Fellow of the Bockefeller Founda¬ 
tion. 
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where 7 „ is the “true rheobase” for steady excitation by repetitive constant 
current pulses of sufficient duration, k and A are the time constants df 
excitation and accommodation. There is an optimum j&equency 
where / is a minimTun. The strength of this optimum stimulus 

/„p = /o(l+A/A). 

A/Arang^froml/7*3to 1/45 (Hill, Katz and Solandt 1936), and is on an aver¬ 
age about 1/20 in a frog’s sciatic under “normal” conditions (low calcium- 
ion content of saline, room temperature). Hence 7op/7o ~ 1-05 (the same mean 
figure was obtained in determining 7op and 7^ directly in the same nerve). 
The ratio is sufficiently near to unity to allow a substitution in our calcula¬ 
tion of 7 q by the measured value without serious error. The value of 7pp 
in electrotonus, of course, is relative to a definite height of catelectrotonic 
potential which amounted to 3-6 and 1*6 mV for intermediate distances 
of 0 and 2-5 mm. respectively. It was proved for various frequencies 
between 50 and 2400 hz. that the catelectrotonic potential was doubled 
when the polarizing current had exactly twofold strength. This result 
justifies the fi x i ng of the electrotonic deflexion at an arbitrary subthreshold 
value. 

Now if we assume that there is no accommodation in electrotonus or 
at least no noticeable accommodation above the optimum frequency, 
n^lecting the A-term and putting 1^ = 7pp, we find that 

i'=V(/®-/|p)/27r7i7pp. (2) 

Even if there be an accommodation of the order observed in excitation, 
the error is small near the optimum frequency and already negligible at 
medium frequencies, if we write equation ( 1 ) in simplified form: 

= 1 -i- 4:n'hi^h^ (3) 

(HjU, Katz and Solandt 1936 ). Hence 7® is a linear function of on the 
high side of the optimum frequency, i.e. if 7 ^ is plotted against 'n?, the 
observed points are supposed to form a straight line which intercepts the 
P axis at 7g. It is not necessary, therefore, to determine 7^ or 7 ^ experi¬ 
mentally. From the diagram (see fig. 7) we read the value oin^ where 
P = 27§ and substitute this value in ( 3 ) obtainmg equation 

k (4) 

While the graphical method (eq. 4) gives one value for k, the arithmetical 

method (eq. 2 ) gives values of k' for every frequency above the optimum 
irequency. 
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On an average of five experiments the graphical value for the electro¬ 
tonic i: at 0 mm. intermediate distance is 195 (177-3-220-8)/6sec., which is 
close to the mean value derived ficom the voltage-capacity curve (185 /^c.). 
This concord indicates that ( 1 ) in the two cases the same quantity is being 
measured, and ( 2 ) its magnitude is not vitiated by experimental conditions. 
For a finite intermediate distance the time constant is considerably in¬ 
creased as in the measurements with condenser discharges; the absolute 
agreement, however, between the two methods is not so satisfactory, 
i at 2-5 mm. intermediate distance being of the order of 7CK)/isee. with 
sinusoidal currents while at 3 mm. was 465/isec. with condenser dis¬ 
charges. 

Table II— I — n anb E--n RELATioisr eor constant gatelectrotontc 
POTENTIAL (3-6 mV, I.E. 18-3 % OP POLARIZING POTENTIAL AT 50 HZ.). 
Intermediate distance 0 mm.; interpolar distance 21 mm. 
Sciatic nerve op Hungarian prog at 22-5° C. Birmingham 


OSCILLATOR. 

Frequency 

Polarizing 

potential 

Polarizing 

current 

¥ 

I/^n 

hz. 

10“3 V 

lO-’A 

10~® sec. 

10-8 

50 

19*7 

2-22 

— 

3-14 

100 

21-3 

2-36 

574 

2-36 

200 

22-0 

2-52 

428 

1-78 

400 

25-0 

3-10 

388 

1-55 

750 

33-8 

3-89 

306 

1-42 

1500 

44.4 

5-56 

247 

1-44 

3000 

64-0 

8-74 

202 

1-59 

4500 

78-4 

11-10 

174 

1-65 

6000 

94-0 

13-50 

159 

1-74 

8000 

106-2 

16-90 

150 

1-89 

10000 

119-6 

19-85 

141-5 

1-99 

12000 

133-0 

22-22 

132 

2-02 


The conspicuous feature of the arithmetical valu^ for E is their de¬ 
pendence on frequency. With intermediate distance 0 mm. k! equals about 
650 (549-727)/4sec. at 100 hz. and faUs with increase of frequency, first 
rapidly, then slowly, and reaches a value of about 190 (163-230) jusee, at 
3000 hz. (mean of seven experiments, see fig. 6 ). Beyond this frequency 
the decline still continues with gradually diminishing steepness, Jt' attaining 
about 130 /isec. at 12,000 hz. (see Table 11). This result agrees with the 
values calculated by Lullies (1930 a) from unpedance measurements for 
the “internal” polarization capacity of nerve (sciatic of iJ. temporaria): 
between 64 and 4096 hz. the change of this capacity follows a course 
similar to that of E, decreasing by about two-thirds. This phenomenon is 
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no peculiarity of living membranes; it also occurs in electrode systems 
(LuUi^ 1928; IVicke 1932); it may be partly due to the core-conductor 
structure (Blinks 1936). 

2 —Curve of the strength-frequency relation. 

If the peak current I required for constant catelectrotonic deflexion 
(negative half-wave) is plotted against frequency n, the curve obtained 
rises with increase of frequency in a slightly S-shaped curvature from 100 



Fic. 6— I —n and E—n relations for constant catelectrotonus (3-6 mV), n = 50-3000 
hz. (Harris oscillator), h' calculated from eq. (2). Impedance R (in ce>) calculated 
fix>m measured peak values of I and E, Sciatic nerve of Hungarian frog at room 
temperature (24-2° C.). Intermediate length 0 mm.; distances of leading-to and 
leading-off electrodes 21 and 33*5 mm. respectively. 

to about 400 hz., continues as an almost straight line to 1500-2000 hz. and 
finally bends in a wdde arc concave towards the abscissa (fig. 6 ). With 
decrease of firequency the curve falls from 100 to 50 hz. and rises again 
increasmgly at 25 and 10 hz. (Table III). In nearly all the experiments 
where these frequencies were used the minimum was observed at 50 hz. 
(average temperature 24° C.); occasionally, however, the optimum fre¬ 
quency was shifted to 100 hz. which is the value in excitation at this 
temperature. When the optimum frequency was not determined, the 
intensity measured at 50 hz, was regarded as 1^^ for calculation of ¥, When 
I was plotted against logj^Ti, the symmetry of the two branches, predicted 
from Hill's equation and observed in excitation (Coppee 1934 ; Hill, Katz 
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and Solandt 1936 ), was not apparent. The rise of intensity seemed to be of 
different curvature above and below the optimum frequency (note that 
the onset of excitation precedes the catelectrotonic crest on the low- 
frequency side as the duration of the cycle increases; cf. p. 310). Because of 
the imperfection of the oscillator regarding setting, constancy and wave 
form in the range of lowest frequencies, the experimental points are not 
sufficiently close and exact for a definite statement. 

Table III— I—n belation eok constant catelectrotonic potential 

(3-6 mV) AROUND OPTIMUM EREQUENOY. INTERMEDIATE DISTANCE 

Omm; interpolar distance 21 mm. Sciateo nerve op Hungarian 

PROG AT 25-1° C. Birmingham oscillator. 

Frequency I0(?) 25 50 100 200 400 500 hz. 

= nop 

Polarizing current 4*28 2*78 2*61 2*87 3*14 3*74 4*03 10“*^ A 

= iop ^ 

The TuiniTnuTn of the electrotonic strength-frequency curve would be 
accidental if it could be reduced to an “abnormar’ current distribution 
wHch should develop with ‘'undercritical” interpolar length (Labes and 
Lullies 1932). If the interpolar distance equals the ‘‘critical” length 
required for “normal” current distribution at a certain frequency, an 
increasing fraction of the current is short-circuited by the envelope when 
the frequency is decreased. Hence the current applied must be intensified 
to cj»mpensate for this leakage. An interpolar distance of 21 mm., as used 
in t]|ese experiments, is probably sufficient for a “normal” current dis- 
tribmion down to the lowest frequencies employed. It is suggested, there¬ 
fore, %at the appearance of an optimum frequency in electrotonus reflects 
somel^culiarities of polarization in nerve at low frequencies. Cole and 
Curtis 1(1936) observed an impedance element in frog^s nerve with a maxi¬ 
mum reactance at less than 100 cycles (see also I^cke and Curtis 193 5) 
which, in accordance with our interpretation (Harris, Rosenberg and Sager 
^935)? they tentatively relate with an “adaptive mechanism Prom 
s nfhiT fl.r measurements Labes and Lulhes conclude that the diffusion seems 
to increase when, with prolongation of the cycle, the disturbance of con¬ 
centration has passed through a layer which covem the outside of the nerve 
membrane and hinders diffusion (see H ill 1910 )- It is conceivable that such 
a process, which need not nec^sarily be affected by interpolar length, 
causes a loss of charge which in turn necessitates an incmase of voltage 
applied in order to attain the same electrotonic potential. If the penetra¬ 
tion of this diffusion barrier were dependent on temperature, the optimum 

Vol. cxxiv— B. 2 
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frequency might shift with change of temperature-as observed in 

excitation. - , i . x • 

Regarding the high-frequency end, it is shown that the electrotomc 

curve deviate from the straight line theoretically postulated for tins 
region of the I-n relation (fig. 6). Coincidence and difference within the 
experimental range above the optimum frequency are especmUy evident 
when 7® is plotted against According to eq. (3) this relation is linear. 
This assumption actually seems to hold between 20(M:00 and 800-1600 hz. 



j’jQ, 7 _relation for constant catelectrotonns (3*6 mV), n = 50-3000 hz. 

Sciatic nerve of Hungarian frog at 23*7° 0. room temperature. Intermediate distance 
0 mm. Distances of leading-to and leading-off electrodes 21 and 33*5 mm. respec¬ 
tively. 

Upper curve (right ordinate and upper abscissa): 50-1500 hz. Lower curve (lett 
ordinate and lower abscissa—scales a fourth of those of the upper curve): 1000- 
3000 hz. = 192 fjuseo. 

in one half of our experiments; it is this part of the series to which the 
values reported for k relate. For instance, in fig. 7 the points for 200, 350, 
500, 750 and 1000 hz. form an almost perfect straight line which just 
misses the point for 1500 hz. (at 24° C.). In the other half of the experi¬ 
ments it is impossible to fit a straight line satisfactorily to the points 
observed; possibly in these cases the (quasi) linear region is so short that 
it is not defined by the frequency intervals chosen. In some experiments 
with an intermediate distance of 2*5 mm. the P — relation of electrotonus 
is also linear to the same upper limit. 

Above 800-1600 hz. the curve for electrotonus bends downwards, 

i.e. the observed points fall increasingly below the straight line as the 
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frequency is raised. These data were obtained at a mean temperature of 
24° C. In excitation the upper frequency limi ts for linearity are 470,630 and 
820 hz. on an average at 18, 22*5 and 28° C. respectively; exceptionally the 
linear relation was extended to 2000 hz. at high temperature; beyond the 
upper limit the excitation curve bent in a downward direction (HiU, Katz 
and Solandt 1936 ). Hence there is a general conformity between electro¬ 
tonus and excitation curve above 200-400 hz. Below this frequency there 
is a striking divergence; the electrotonus points fall distinctly below the 
straight line while the excitation points rise slightly above it when they 
approach the optimum frequency. This rise in excitation corresponds with 
the increasing influence of the neglected accommodation factor A, whereas 
the fall in electrotonus corresponds with the ignored increase of the time 
constant k\ In view of this discrepancy the identity of the accommodative 
processes in excitation and electrotonus seems problematical, and their 
exact relationship uncertain. 

With intermediate distance 0 mm. the deviation from linearity at high 
frequencies is only in part due to increase of current spread with rise of 
frequency, since the curve takes a similar course with an intermediate 
distance of 2-6 mm., although the spread is enormously reduce (up to 
800 hz. not noticeable at all). Hence the corr^ponding deviation of the 
excitation curve is probably caused by circumstances which affect stimulus 
and electrotonus in the same direction. 

While the P—n^ relation formulated in eq. (3) is obeyed within a similar 
range of frequencies by both electrotonus and excitation, neither follows 
Nernst’s square-root law. For excitation its invalidity was shown anew by 
Hill, Katz and Solandt contrary to Coppee’s statement. Calculations of 
Ij^n for constant catelectrotonus proved that this expression is not 
constant anywhere over the whole explored band (see Table H). In some 
experiments the ratio appears to be approximately constant within a 
limited region. Actually, however, the values pass always through a 
minimum which sometimes is quite flat. Such cas^ suggest a pseudo¬ 
constancy of Ij^n comparable with that of V^C in the voltage-capacity 
curve around the point of minimum energy. 

With respect to linearity the curve is inferior to the P —curve. 

At optimum frequency and intermediate distance 0 mm. the catelectrotonic 
potential was, on an average of eight experiments, 15-9 (12-4-10-5) % of 
the peak potential applied which dropped almost entirely along the nerve 
between the points of contact of the polarizing electrodes. 

From the similarity of catelectrotonus and excitation curves above 
200—400 hz. we may infer, in accordance with analogous considerations 
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by Schaefer (1936 6), that the negative half-wave is the stimulating phase 
of the cycle, i.e. the stimulus does not start when the positive half-wave 
begins to decline, as apparently LuUies (193^ Coppee supposed, but 

departs from the abscissa at the onset of the negative phase, as presumed 
by Hill (1936 a). 

IV— ^Discussion 

In the foregoing section the results have been treated on an empirical 
basis with the sole assumption that the equations used for the comparison 
between electrotonus and excitation are correct representations of the 
data obtained in threshold stimulation. In Hill^s (1936a) theoretical 
definition the time constant h is the time factor of a ‘‘local potential ’ 
which decays exponentially when the applied current is withdrawn. In 
electrical terms this condition is realized by the conventional equivalent 
circuit for an irritable cell, consisting of a single static capacity c with ohmic 
parallel and series r^istances and (see fig. 1) (Hermann 1905). This 
conception leads to expressions identical with Hill’s equations (Rushton 
1931; Schaefer 1936 a)—^apart from the terms for accommodation which 
we can disregard in this connexion. The nerve fibre, however, is not 
reprinted by this simple scheme, but rather by a network embodying 
the electrical properties of a core-conductor which constitute the conditions 
for electrotonus. While the former involves an exponential rise and decline 
of the potential difference across the capacity when a rectangular pulse is 
applied to the ends of the circuit, the latter (fig. 1 without requires the 
electrotonic potential at the pole to change with make and break of a 
direct current according to the error integral of the square root of the time 
(Cremer 1932 a). The experimental conditions, however, do not fulfil the 
theoretical presumptions under which this function is derived; the curve 
of the electrotonic rise recorded at the pole, therefore, differs in some 
respects from the calculated curve and appears approximately exponential 
up to about 85 % of the final height. This seems to account for the fact that 
the equations valid for the elementary condenser circuit are applicable to 
the nerve, as far as the process at the pole is concerned. 

Laterally from the pole, according to core-conductor theory and experi¬ 
ment in nerve, the electrotonic rise at make of a direct current is S-shaped 
and decreases in rate (and height) with increase of the intermediate 
distance. Although the conception related to the elementary scheme 
ignores these extrapolar phenomena, the experimental data fit the in¬ 
adequate formulae to a surprising degree. This agreement, however, is 
perhaps fallacious: with a small intermediate distance (at room temperature) 
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the S-curvature is scarcely perceptible, i.e. the initial (convex) part of the 
electrotonic rise is steep and short, the inflexion being near its origin, while 
the subsequent (concave) part, up to about 70 % of the final height, 
approaches more or less an exponential course (see Bogue and Rosenberg 
1934, fig. 4 ). The portion of the voltage-capacity curve, which corresponded 
with the initial part of the electrotonic rise, was probably missed, since the 
curve could not be explored below a given time limit (see § II). It seems 
possible, therefore, that the voltage-capacity curve for distant electrotonus, 
if it is continued towards the shortest discharge times with the nec^saiy 
accuracy, will reveal, particularly at low temperature, a deviation fix>m the 
asymptote for minimum quantity. This explanation, however, does not 
hold in either case, polar or extrapolar, for the last definitely non-exponen¬ 
tial part of the catelectrotonic rise. 

Finally, with regard to these discrepancies it is noteworthy that the 
core-conductor theory in its present form deals with a simplified single 
fibre and presumably has to be modified if it is applied to the actual con¬ 
ditions in a multifibre trunk. Because of the heterogeneity of fibre 
diameter, for instance, it is doubtfiil whether the capacity involved at 
medium frequencies is of the static or electrolytic type (Cole and Curtis 
1936). At low frequencies polarization of some substrate introduces a new 
factor which the theory does not imply. 

Independently of these theoretical difficulties the empirical consideration 
permits the following conclusions: The electrotonic voltage-capacity curve 
fits exactly the curve representing the r^ults of threshold stimulation, 
and is shifted along the time axis in dependence on the interpolar distance 
as is the excitatory curve. The strength-frequency relation in electrotonus 
corresponds closely with that in excitation, not only in the range of medium 
frequencies where both satisfy Hill’s equation (without accommodation 
term), but also in the range of higher firequencies where both deviate in the 
same direction from the theoretical line. The parallelism between 

electrotonus and excitation, therefore, is beyond doubt. 

Although the time constants of excitation and electrotonus are of the 
same order, there remains a notable difference: the time constant of cat- 
electrotonus at the pole is only about half that of excitation (at room 
temperature). If we compare maximum values of the catelectrotonic and 
•minTTnnm values of the excitatory time constant the difference is not 
significant, the former approaching the latter ( 250 /isec.). But in general 
k in excitation exceeds k in electrotonus substantially. This disparity 
necessitate an interpretation let the whole conception is invalidated. 
We consider the following possibilitie: 
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1 — Schaefer (19366), who also observed great differences between half¬ 
time of catelectrotonic rise at the pole and chronaxie in threshold stimu¬ 
lation, suggested that in nerves of heterogeneous fibre diameters the time 
factors of electrotonus and excitation were not determined on the same 
fibre group. He supposed the establishment of electrotonus to depend on 
the time factor of the quickest fibres, whereas the most excitable fibres 
(related to rheobase) were not the most rapid (related to chronaxie). 
Without verification on single fibres or homogeneous fibre groups of 
different diameters the evidence for this conception seems insuf&cient. 

2— ^Excitation and “membrane charge” as measured by electrotonus 
may not be confined to the same structure. According to Blair and 
Erlanger (1936) the delay of fibre action after a brief shock is due to a 
delayed attainment of critical voltage at the “responding mechanism”: 
a large capacity is said to be rapidly charged and, after removal of the 
applied potential, slowly discharged through a resistance and small 
capacity (the excitable polarizable interface). From their experiments 
they calculate a time constant of 350 /isec. for the charge of this interface 
capacity which is in fact the excitatory k value. Since their figure is 
derived finally from excitation periods, the agreement is not demonstrative 
of the actual intermediate process. 

Bishop (1928) supposed that in addition to the axon membrane the 
inexcitable connective tissue sheath was polarizable and influenced the 
course of charge and discharge of the irritable component. “The chronaxie 
of a bullfrog spinal nerve root from which the connective tissue sheath is 
absent is consistently one-half to two-thirds as great as for the corresponding 
nerve, and the utilization period is shorter, although the fibres stimulated 
in each case at threshold (presumably the largest fibres) should be the 
same.” A part of the impedance at medium frequencies seems to be due to 
the presence of the sheath (Cole and Curtis 1936). These facts imply that the 
external sheath affects the time course of excitation but does not interfere 
with the development of electrotonus. The electrotonus, then, would measure 
the essential process at the axon membrane, while in excitation the time 
relations were distorted by the sheath. 

3 — ^The difference of the time constants might be caused by a sudden 
increase of capacity at excitation. Such an increase of polarization 
capacity (with simultaneous decrease of parallel resistance) is supposed 
to occur when the strength of the measuring sinusoidal current is raised 
until the nerve responds (Lullies 1930 b). Presumably this change is 
a consequence of the active excitatory event and does not develop 
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before the onset of excitation, since the change subsides when the nerve 
begins to fail. 

4 —^The time constant of electrotonus may concern the alteration of a 
cross-section immediately at the cathode, whereas the initiating process 
possibly has to afiFect a region of finite length in order to provoke excitation. 
Since the electrotonic “time constant increases approximately proportion¬ 
ally with the intermediate length, at a distance of about 1-5 mm. h for 
electrotonus equals h for excitation. It has been shown that the time 
constants of excitation determined for the “minimum” electrical response 
at the stimulated point and after conduction are identical. It is suggested, 
therefore, that the development of excitation is not confined to one cross- 
section of the fibre, but requires the establishment of a potential gradient 
in the longitudinal direction, i.e. a critical catelectrotonus has to be 
generated over a certain length of nerve as a condition of “complete” 
excitation capable of propagation (Harris, Eosenberg and Sager 1935; 
Katz 1937; Rushton 1937). 

This idea is supported by observations in Lillie’s core-conductor model: 
“Activation requires more than a certain critical density of current, hence 
slightly scraping a passive wire in HNO3 with glass may fail to activate the 
wire as a whole—^i.e. fail to cause a transmitted effect—^while a larger 
scrape activates” (Lillie 1929). Perhaps the intemodal segment is the 
physiological unit of activation in myelinated axons (Erlanger and Blair 

1934)- 

Apparently it is contradictory to the suggestion of “regional ” excitation 
that the action potential begins before the polar catelectrotonic potential 
generated by a long rheobasic pulse has attamed the full maximum. It is, 
however, conspicuous that the period between make and response deter¬ 
mined in this way generally is shorter than the main utilization time 
measured for miniYn um response to rectangular shocks fashioned by a 
pendulum—^i.e. probably in the electrotonic observations the strength was 
supraliminal because the action potential could not be sufficiently amplified 
under these circumstances. In addition, the catelectrotonic potential 
approaches its maximum as 3 anptoticaUy whereas the progression of 
accommodation prevents the nerve from responding after 3 msec. The 
same criticism applies to very slow condenser discharges in which it is 
difficult to ascertain exactly the start of the electrical r^ponse with 
respect to its position on the electrotonic crest. 

Another essential difficulty for the stimulation hypothesis advanced 
is the different influence of temperature on the two processes. When the 
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nerve is cooled both time constants are increased, but that for excitation 
considerably more than that for electrotonus. Between 4—6 and 19—23 0. 
the temperature coefficient of l/k equals 1-8 in excitation (Hill 193 ^ 
and 1-2 in electrotonus between 2-5 and 20^^ 0. (calculated from data 
published by Bogue and Rosenberg 1934 )* seems a possible explanation 
for this discrepancy that a longer region of nerve is required for excitation 
at a lower temperature. 

To summarize: the suggestion of ‘‘regional” excitation seems suitable 
to resolve the difference between the time constants, but it lacks con¬ 
clusive evidence at this experimental state. 

I am greatly indebted to Professor A. V. Hill for his inspiring interest 
in tltifi work and to Professor D. T. Harris for his helpful technical advice. 

Summary 

When an electric current is applied to a nerve a potential difference 
across the axon membrane is developed. It has previously been suggested 
that this potential is the internal stimulus, and that the attainment of a 
certain critical potential at the stimulating pole is the threshold condition 
for excitation. On the basis of the core-conductor theory it is assumed 
that this potential is measured when the eleotrotonic potential between 
the pole and a distant extrapolar point is determined. New experimental 
evidence with respect to this conception is submitted and compared with 
equations (Rushton, Hill) valid for excitation in nerve. The main results 
are: 

The voltage-capacity relation for constant subliminal electrotonus fits 
closely the theoretical curve which represents the data for threshold 
stimulation with condenser discharges. Similarly the intensity-frequency 
relation agre^ with theory and experiment of threshold stimulation by 
sinusoidal currents within a certain frequency range (200 and 1000 hz.) 
beyond which both electrotonic and excitatory curves diverge in the same 
direction from the theoretical line. With decrease of frequency below the 
optimum frequency, the current required for constant electrotonic potential 
shows an increase which suggests a physico-chemical factor in accom¬ 
modation. 

The time constants derived from observations on electrotonus at the 
cathode are only about half of those obtained in excitation. If, however, 
the time constants are determined for catelectrotonus at a short distance 
from the pole, they are comparable with those found in excitation. Hence 
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the hypothesis is advanced that the establishment of a gradient of critical 
potential along a finite length of nerve is the threshold condition for ex¬ 
citation. Other possibilities are considered. 

A tentative explanation is ojffered for the empirical agreement of the 
results obtained in nerve, i.e. a core-conductor structure, with equations 
which theoretically apply to an inadequate equivalent circuit. 
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The External Mechanics of the Chromosomes 
VI—The Behaviour of the Centromere at Meiosis 

By Margaret Upcott 
John Innes Horticultural Institution, Merton 

{Communicated by Sir Danid Hall, F.B.S.—Received 26 June 1937) 

[Plate 14] 

1 —^In-trodtjction 

In an attempt to analyse the forces governing the movements of chromo¬ 
somes during division, variations from one cell to another and from one 
organism to another provide the only satisfactory method we know of 
deter m i nin g the variables concerned, in short, of defining a “normal^’. By 
methods such as these it has been established that the same forces act in 
mitosis as in meiosis, and are merely co-ordinated differently. In meiosis the 
co-ordination is more complex and delicately balanced than in mitosis. It is 
therefore more easily disturbed, and its variations are more frequent and of 
many different kinds. Moreover, even if lethal to their products, they are 
not lethal to the organism, as even slight variations of mitosis usually are; 
hence they are more easily studied. Each of these kinds of variation may 
give a clue to some problem which in the '^normal” remained obscure or 
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unnoticed. Each is a natural experiment which, while not usually dis¬ 
turbing the process so far as to cause death as man-made experiments 
often do, leads us by comparison to a further understanding of the normal. 

The variations may be of several kinds. They may be deter mine d by the 
possession of an abnormal genotype (Darlington and Thomas 1937 ), or by 
structural or numerical changes in the chromosomes. They will affect all 
the cells undergoing meiosis although perhaps in varying degrees. A further 
set of variations consists in temporary and environmental abnormalities 
affecting single cells or groups of neighbouring cells. 

The present study includes a few such isolated examples, but is con¬ 
cerned mainly with the deviations from the normal which the possession of 
an extra set of chromosomes brings about, and with the conditions irnder 
which these extra chromosomes divide. The material from which the com¬ 
parisons were made consists of meiosis in the following diploid and triploid 
species and varieties of Tulipa:* 


jP. Orphanidea 

2x = 

24 

T, praecox 

3x = 

36 

T, '‘Gesneriana'' vars.: 



Mrs. Moon 

2 a; = 

24 

Philippe de Commines 

2x = 

24 

Inglescombe Yellow 

3x = 

36 

Massenet 

3a; = 

36 

Pink Beauty 

Bx = 

36 

Keizerskroon 

Bx = 

36. 


2 —The actiok of the spihdle on the cheomosomes 

In all the plants studied, dicentric chromatids are formed at meiosis as 
a result of crossing-over between relatively inverted segments of chromo¬ 
somes pairing during prophase (TJpcott 1937; Darlington 1937, p. 575). 
These chromatids form bridges at the first and second anaphases. Owing 
to their special structure, the movement of dicentric chromatids at these 
stages is likely to throw light on the forces determining the movement of 
all chromosomes at this stage. Their behaviour is mainly of two kinds, 
according to whether the bridges are short or long. 

As the centromeres (Darlington 1936) separate during anaphase the 
chromatid joining them is pulled out and becomes thinner. The effect of 

* The slides were prepared by smearing the pollen mother cells, fixing in medium 
Flemming and staining with gentian violet according to Newton’s method. 
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this stretching varies according to the length of the bridge. There is even 
during metaphase some tension in the chromatids joining the two centro¬ 
meres in an ordinary bivalent where the jfirst chiasma is close to them. At 
anaphase this tension increases. If the bridge is short, extreme stretching 
begins early and is either uniform from centromere to centromere, or 
greatest in the middle (Upcott 1937 , figs. 18 and 19) where it usually breaks 
before telophase. 



Fig. 1 Fig. 2 


Fig. 1 —Trivalent bridge at the early anaphase of the first division in “Inglescombe 
Yellow”. There has been crossing-over in a duplication to give the short arm attached 
to the right-hand centromere, which should have a long arm as the left-hand centro¬ 
mere has. There has also been crossing-over between the three homologues in an 
inverted s^ment. The two uneqtial fragments are visible ( x 2000). 

Fig. 2 —^Late anaphase in the same plant. There are two bridges which have been 
uncoiled along part of their length by the stretching of the spindle. In the left-hand 
bridge (shown in black), which is asynometrically placed, the free short arms have 
been pulled apart at one centromere, but not at the other ( x 2000). 

If the bridge is long, this extreme stretching does not begin until late 
anaphase, and when it begins it affects the chromatid unevenly, and parti¬ 
cularly near the centromeres (figs. 2 and 36). These parts may be pulled out 
to a fine thread while the central region still remains closely coiled. 

In certain triploids, the two fice sister arms may become separated from 
one another at the centromere (figs. 3 , c, d and e\ Upcott 1937 , fig. 19d!), 
usually, for an unknown reason, when the bridge is in the short arm. This 
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phenomenon is particularly noticeable in bridges which are placed asym¬ 
metrically with regard to the equator (fig. 2 ). In these cases we find that 
the end which is included in the daughter nucleus is normal, while the other 
which lags on the spindle is stretched. 

These differences of behaviour between short and long bridges and 
between early and late anaphase bear out the view, put forward by Belar 
( 1929 ) and extended by Darlington ( 1936 ), that the anaphase separation is 
determined by two agents, first by the mutual repulsion of the centromeres 
and later by the stretching of the central region of the spindle, which com¬ 
pletes the process by pushing the chromosomes farther towards the poles. 
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Fig. 3—Further examples of the stretching of bridges, and of the pulling apart of 
free arms ( x 2000). a and h, T. Clusiana (5x) early and late anaphase; e, “Pink 
Beauty” (3ir); d, “Massenet” (3x); e, “Pink Beauty”. Here the bridge is in the short 
arm. 

The behaviour of dicentric chromosomes provides us with further evidence 
of the second process and enables us to distinguish it firom the first. 

At early anaphase in dicentric and in freely separating chromosomes the 
centromere leads, hence the name ''Leitkorperchen’^ given to it by its 
discoverer (Metzner 1894 ). Further, when short bridges stretch at this 
stage they stretch evenly. We may assume from these two observations 
that the centromere repulsions are governing the process at this stage, and 
we may even estimate the limits over which this repulsion is effective. 

At late anaphase, on the other hand, we have three observations which 
show that the movement of the spindle is carrying on what the centromere 
repulsions began. First, in bridges, the centromere no longer leads, although 
it still does so in fireely separating chromosomes (figs. 13 and 15). This must 
be because fireely separating chromosomes can move as a whole, so that 
their shape is not altered by the pushing of the spindle, while bridge chromo¬ 
somes can only move in the firee part. Secondly, long bridges stretch un¬ 
evenly at this stage and the stretching occurs near the centromeres. Thirdly, 
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this stretcMng may lead to the separation of sister arms at the centromere, 
particularly in asymmetrically placed bridges. 

The last two observations show us not only that the spindle expands, but 
actually where it expands. There can be no movement in the equatorial 
regions where the future cell wall will be laid down, since chromatids lying 
in this region remain closely coiled. All the movement must take place in 
two zones between this and the poles, for it is here that the uncoiling occurs. 
This supposition is confirmed by the behaviour of bridges in which only one 
end lies in the expanding region (fig, 2). It must also be supposed that the 



Fig. 4 —^Anaphase of the jSrst division in T, Orphanidea (2a;). The chromosomes of 
three bivalents show temporary constrictions next to the centromere, presumably 
comparable to those found in bridges (x 2000). 

region immediately adjacent to the centromere is more susceptible to un¬ 
coiling, since the central region of this bridge which is lying in the second 
expanding zone of the spindle has not uncoiled. The second bridge which 
this cell contains must also have been asymmetrical, for it has uncoiled here 
but not at the other end. The fact that the strain is not transmitted equally 
across the bridge, but remains localized, suggests that there is considerable 
friction between the chromosomes and the spindle material. 

This separation of the free sister arms at the centromere differs from the 
simple cases of stretching in that one of the free chromatids is affected as 
well as the bridge chromatid. That free sister arms can separate at the point 
where we assume they are each attached to the centromere is unexpected. 
It provides farther evidence of the existence of a differentiated surface or 
pellicle surrounding the coiled thread and joining parts of it which would 
otherwise be separate, in this case, joining the bridge to one of the opposite 
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arms (Darlington 19325 p, 290). Abnormally dividing univalents, as we shall 
see, support this view. 

Uncoiling of the chromosome thread in this way by the expansion of the 
spindle is usually confined to bridges, since here there is exceptional re¬ 
sistance to movement. But occasionally interlocking of firee, that is to say, 
of monocentrio, chromatids of a bivalent presumably following the forma¬ 
tion of comparately related chiasmata sets up a similar resistance. The 
expansion of the spindle then produces a similar result. In one exceptional 
cell (fig. 4 ), three bivalents each have two constrictions next to the centro¬ 
mere; in two of them the constrictions He in corresponding chromatids of 
opposite chromosomes, while in the third, both constrictions are in one 
chromosome, its homologue being without them. This difference is perhaps 
attributable to different positions on the spindle. 

The constrictions which I have described here differ from nucleolar or 
secondary constrictions in their position, in their transitory nature and in 
the stage at which they are visible. They are not confined to Tvlipa but 
have been observed also in Lilium (Richardson 1936, figs. 40 - 43 , 52 ; 
Ribbands 1937, figs. 49 - 58 ) and in FritiUaria (Bennett 1937) at the same 
stage, and in Tradescantia at anaphase of the pollen-grain division (Upcott, 
unpubHshed). 


3 —^The behavioxje oe xjotvalents 
a—Types of univalent 

At the first anaphase of meiosis in a triploid, a variable number of 
univalents lag upon the plate as the other chromosomes pass to the poles. 
It has been shown (Darlington 1929) that these laggards are of two kinds. 
They may be true univalents, that is, those which formed no chiasmata 
with either of their partners at prophase and which therefore were unpaired 
at metaphase; or they may be members of trivalents or other multiple 
associations left upon the plate after the separation of their partners. 

Hitherto it has been possible to distinguish between these kinds of 
univalents in two ways, statistically by comparison of metaphase and 
anaphase frequencies or by the formation of univalent bridges which occur 
only rarely and in exceptional circumstances (Upcott 1937). But they may 
be distinguished also by the position of the chromatid arms, Darlington 
(1929) has shown that if chiasmata have been formed in one arm only of a 
bivalent or trivalent, the chromatids of the arm without chiasmata remain 
together at anaphase instead of separating widely as they do in the arm 
with chiasmata. We find the same distinction in univalents. In some the 
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clironiatids lie together, or parallel but slightly separated (figs. 6 a, 8 ). We 
may then say that these univalents have been unpaired at metaphase. In 
others the chromatids spread out widely on either side of the centromere 
(figs. 66 , 12 and 13), in which case they must have been parts of trivalents. 
At early anaphase it is often possible to recognize the two other members, 
while the ends of previously associated chromatids remain touching (fig. 5). 

This difference in position of the arms is presumably due to a difference 
in the relationship of the coils of the chromatids. At metaphase, sister 
chromatids generally share the same major coil, but at anaphase they slip 
free of one another, a process which must be initiated by a lapsing of 
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Fig. 5 —Dividiog trivalents from anaphases in “Ihglescombe Yellow” ( x 2000). 
a and 6, Lmear or indifferent; c, linear; d and e, convergent or indifferent. The last 
three configurations contain a bridge between two members. 

specific attractions and hastened by the separation of chromatids having 
one or more changes of association, occasioned by chiasmata. In a univalent 
this slipping free is conditioned only by the lapsing of attractions. It does 
not therefore proceed so far, so that the chromatids are closer together 
even while the centromere is dividing. 

We have now distinguished two kinds of univalents at the first anaphase 
of meiosis, ‘‘true” univalents which have not formed chiasmata (fig. 6 a) 
and lagging members of trivalents or ‘‘open’’ univalents, which have 
(fig. 66 ), But there is a third kind which can occur only in special circum¬ 
stances, that is, where there is crossing-over in inversions. This is the 
“loop” univalent (figs. 6 c and 16; PL 14, c and d), which I have already 
described ( 1937 ). It arises as a result of a chiasma in the inversion as well 
as a proximal one disparate to it. Univalents of this type will give rise to 
umvalent bridges (fig. 7) if the centromere divides at the first instead of at 
the second division. 
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Trivalents, however, do not always give rise to lagging chromosomes 
either of the open ” or the loop kind. Whether they do so or not depends 
upon their orientation at metaphase, and this in turn depends upon the 
number and position of their chiasmata. Darlington ( 1936 , 1937 , p. 575 ) 
recognizes three types of co-orientation in trivalents, namely, convergent, 
linear and indifferent, according to the relationships of the three centro¬ 
meres bn the spindle. It is clear that when the arrangement is convergent, 
lagging chromosomes will not occur but may do so when it is linear or 


a 



Fig. 6 —^Diagram showing three types of univalent distinguishable at the jSrst anaphase 
of meiosis. a, true univalent, that is, one which has not been pajrt of a trivalent 
(of. fig. 8); 6, lagging member of a trivalent, which will behave as a univalent after 
being left on the plate (cf. fig. 5); c, closed loop univalent, derived from crossing-over 
in an inversion and proximal to it. This will give a univalent bridge when its centro¬ 
mere divides (cf. PL 14, c). 

indifferent (fig. 5d and c). After inversion crossing-over, these latter 
arrangements may lead to disjunction or non-disjunction of the dicentric 
chromatid so formed, according to whether or not its two centromeres pass 
to opposite poles (fig. 5c-e). 


b—Division of univalents 

Univalents which lie on the plate after the main body of chromc^omes 
pass to the poles may suffer one of several fates. They may either divide or 
remain undivided, and divided or undivided they may be included in one 
of the daughter nuclei or remain lagging on the plate. Pr^umably their 
fate is determined by their position. All the triploids I have examined have 
varying numbers of univalents, a varying proportion of which divide at the 
first division. They are most numerous in ^‘Inglescombe Yellow” and 

2A 


Vol. CXXIV—B. 



344 M. Upcott 

‘‘Massenet”, which, however, differ from one another in behaviour at the 
second division. To elucidate this I have studied them in some detail, but 
I propose to discuss only the qualitative data here, and to give the quanti¬ 
tative data elsewhere in relation to genetic structure. 

At the first division the univalents of “Massenet” do not differ from the 
normal, that is to say, the centromeres of those which divide do so in a 
longitudinal plane, so that two daughter univalents are formed, each with 
two xmlike arms, in this case one long and one short (fig. 18). At the first 



Tio. 7—Anaphase of the first division in “Massenet” ( x 2000). The cell contaios five 
bridges, of which three are univalent bridges and must have been closed loop univa¬ 
lents at an earlier stage. There are five corresponding fragments. 

division of “Inglescombe Yellow”, however, the univalents, or more 
correctly their centromeres, may divide in almost any plane, depending 
presumably upon their orientation when their polarity first developed. 
I will now describe these abnormalities in detail. 

The simplest deviation from the normal is that where, after the centro¬ 
mere has divided in the usual longitudinal plane, a constriction appears 
next to the centromere, in one or both daughter univalents (figs. 9, 10 
and 11, left-hand univalent, and 18 (1)). This constriction is presumably 
of the same kind as those which appear in bridges and occasionally in free 
chromosomes, that is to say, it must be due to the stretching of the spindle. 
At a later stage the constriction may break, so that daughter univalents 
occur consisting of single arms, the second arm without a centromere lying 
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nearby (figs. 10c and d, 16). Further, univalents which have divided 
normally are often connected by a fine thread (figs. 9,106). This peculiarity 
again suggests the presence of a pellicle covering the chromosome and con¬ 
necting parts of it not joined by the continuous chromosome thread. 



a b c d 

Fig. 10 


Fig, 8 —^First anaphase in “Inglescombe Yellow’* in which eleven univalents are 
forming an accessory plate ( x 2000). 

Fig. 9—^Abnormal division of univalents at the first anaphase in ** Inglescombe 
Yellow”. A thread connects the daughter univalents in two cases ( x 2000). 

Fig. 10—^Further examples of abnormal division ( x 2000). a, a constriction has formed 
at the centromere in one daughter univalent; 6, daughter univalents joined by a 
thread; c, and d, the two arms of one daughter univalent have separated, while in the 
other a constriction has formed (cf. fig. 18 (1)). 

The second type of division is rare. It deviates even farther from the 
normal. Here the centromeres must have divided transversely to the two 
arms, for we find daughter univalents consisting of a pair of sister arms 
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separating from others consisting of the complementary pair (figs. 11, 
18 (2)). In effect the chromosome has fragmented at the centromere. 

The third abnormality is more common and consists in the separation of 
three arms attached to one daughter centromere and one to the other 
(figs. 12, IS, 14 and 18 (3)). This may occur in open univalents and also in 
loop univalents (fig. 15; PL 14, d). Often the centromeres themselves are 
visible and appear as small granules attached as 5 nnmetrically to the dividing 
chromosome. The connecting thread mentioned earlier again appears, 
usually connecting sister arms. The stretching of the spindle seems parti¬ 
cularly to affect this type of separation, leading to the constriction and 



Fig. 11—^First anaphase in “Inglescombe YeUow” containing several dividing -univa¬ 
lents. The one on the right has di-vided so that the two short arms pass to one pole 
and the two long arms to the other (cf. fig. 18 (2)). 

breaking of one of the arms. Perhaps movement is restricted on account of 
the greater bulk of the three arms attached to one daughter centromere so 
that the chromosome remains longer in the part of the spindle that stretches. 

In the fourth abnormality the division is apparently normal in relation 
to the two arms, but at an early stage breakage occurs next to the centro¬ 
meres, and the two centric arms continue their passage to the poles leaving 
the other two arms acentric and passive on the plate (figs. 16,17 and 18 (4)). 
This may be a modification of the first type of abnormality. It differs from 
it in the earlier breakage of the arms, i.e. before the separation has pro¬ 
ceeded far, and also in that the two arms left without a centromere are 
joined by a thread (fig. 17). Occasionally both pairs of arms are joined in 
this way (fig. 17 d). 
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a h c d 

Fig. 14 

Figs. 12, 13, 14—^Univalents at the first anaphase of '‘Inglescombe Yellow” dividing 
so that three arms pass to one pole and one to the other. In fig. 14 {d) the centro- 
naeres are visible ( x 2000) (cf. fig. 18 (3)). 



Fig. 15a and b —^Two closed loop chromatids in ‘'Inglescombe Yellow”. Both are 
dividing so that three chromatids are attached to one centromere and one to the 
other (cf. PL 14, c and d), ( x 2000.) 
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From these abnormalities we gain a new insight into the properties of the 
centromere. First it would appear that when the centromere divides it 
alwajTS divides into two. It must presumably have become bipolar before it 
can divide. In this respect therefore its division is of the same kind as the 
division of the chromomeres. These, however, divide at a moment when no 
spindle exists to determine their polarity, and there is some evidence that 
the plane of division may differ in successive chromomeres. Oblique or 



Fig. 16 Fio. 17 


Figs. 16 and 17—Univalents at anaphase in “Inglescombe Yellow ” ( x 2000). Fig. 16, 
entire cell in which opposite arms of two nnivalents have broken at the centromeres. 
Fig. 17 a and 6, early stages (cf. PI. 14, h); c and d, later stages of the same type of 
abnormality (cf. fig. 18 (4)). 

transverse divisions such as I have described here in the centromere have 
not, however, been either observed or inferred in chromomeres. 

Secondly, we see that the polarity which we assume the centromere to 
acquire before division is not predetermined. It must be determined in a 
way snrdlar to that in which the co-orientation of two or more centromeres 
is determined at an earlier stage. If the bipolarity of the centromere is 
determined so that it will divide in the plane of the equator, we must 
assume that these abnormal univalents were abnormally orientated when 
the polarity was first determined. But it is evident that the reaction between 
spindle and centromere differs from one organism to another, since the four 
t3^pes of abnormality just described occur only in “Inglescombe Yellow’’ 



The External Mechanics of the Chromosomes 349 

although other comparable abnormalities occur at the second division in 
other plants. 

Thirdly, although we see that the centromere may divide asymmetrically 
with respect to the chromosome, i.e. so as to separate an unequal number of 



Pio, 18—Diagram to show the various ways in which the centromere of a univalent 
may divide. The first column shows the normal behaviour. This may be modified so 
that the long and the short arms of one or both daughter univalents breaJc apart (1). 
The univalent may also divide transversely (2) or obliquely (8) or in a manner which 
separates one pair of arms entirely (4). Further a daughter univalent which has 
already divided normally at the first division may divide transversely at the second (5). 
Inset: behaviour of the centromere such as would give the observed abnormalitks. 
Ml = first metaphase, Ai and Aji = first and second anaphase. 

chromatid arms, yet there is often a certain symmetry in these abnor¬ 
malities. When one chromosome arm breaks away from the daughter 
centromere in each daughter univalent, leaving the centromeres attached 
to one arm only, we find it is always the corresponding or sister arms which 
remain attached (figs. 10, 16 and 17). Further, two arms which are 
normally connected through the centromere never remain connected mth- 
out it, but always separate leaving an attaching thread which becomes 
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finer and finer until it breaks. Thus the pellicle inferred earlier is not an 
effective connexion without the centromere. 

c—Univalents at the second divisi on 

We have seen that the two triploids Inglescombe Yellow” and “Mas¬ 
senet” resemble one another in having a number of univalents which lag 
and divide at the first anaphase, but differ in the method of that division, 
“Massenet” being normal in this respect and “Inglescombe Yellow” 
abnormal. When we come to study the second division we find they differ 
in further ways. 

Let us first consider what happens in “Inglescombe YeUow”. Here we 
find that the chromosomes at second metaphase are relatively long and 
thin, almost indeed ofmitotic length (fig. 19). Owing perhaps to this greater 
length and the lower surface charge associated with their reduced contrac¬ 
tion they are greatly distorted by fixation; in fact their reaction at meta¬ 
phase is that proper to prophase. It is possible to distinguish daughter 
bivalents from daughter univalents only occasionally. A few can be recog¬ 
nized in favourable cells (fig. 19) when the daughter univalents are seen to 
lie off the plate towards the poles. 

At anaphase (figs. 21, 22) the fixation improves. One or two daughter 
chromosomes may occasionally lie passively on the equator. These must be 
daughter univalents which have divided at the previous division. But the 
number of th^e lagging chromosomes is very much less than the number 
we saw dividing at first anaphase, even if we disregard those which divided 
abnormally. Presumably then the remainder are carried to the poles along 
with the dividing chromosomes. 

At second metaphase in “Massenet”, on the other hand, the chromosomes 
are short and contracted, hardly longer than they are at the first division 
(fig. 20). They withstand the action of the fixative, so that daughter biva¬ 
lents and daughter univalents can be readily distinguished by their struc¬ 
ture. It now becomes clear that daughter univalents at second metaphase 
behave in the same way as univalents at first metaphase, that is, they lie off 
the plate. Occasionally one or more may be included on the plate along 
with the whole chromosomes. The daughter univalents in both nuclei can 
also be seen to lie towards the dividing wall, as though they had not moved 
to any appreciable extent since the previous anaphase. 

At anaphase, as the daughter bivalents divide and move to the poles, 
the daughter univalents congress and form a secondary plate of their own 
(fi^. 23, 24). This congression may be taken to indicate a development of 
polarity in the centromeres, such as precedes and determines the division 




(X 2000.) 
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and the few lagging daughter univalents. Fig. 21. This cell has a short first-division bridge which has been cut 
by the wall and slightly shifted in the process. The right-hand daughter cell contains a short second-division 

bridge. (x 2000.) 
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of umvalents at the first division and indeed of ordinary mitotic chromo¬ 
somes. But here the chromosomes themselves have not divided, and we 
then find the polarization of the centromere takes place in the only direc¬ 
tion in which it can lead to the separation of the chromosome into two 
parts, namely, transversely, breaking the chromosome into two fragments 
(figs. 18 (5), 23 and 24). The centric constriction at the earliest stage of this 
division lies in the azis of the spindle. It then becomes elongated and even¬ 
tually breaks. This happens at the end of anaphase after most of the spindle 
stretching has taken place, and just before the spindle lapses at telophase. 
It is not therefore surprising that these doubly divided univalents should 
rarely be included in the nucleus. Their division in this way is not un¬ 
common, but the divided arms never move very far and are consequently 
lost in the cytoplasm. 

We see therefore that the course of the second division in ‘‘Inglescombe 
Yellow” differs from that in “Massenet” in three respects: first, in the 
reaction of the metaphase chromosomes to the fixative; secondly, in their 
degree of contraction; and thirdly, in the behaviour of the daughter 
umvalents at anaphase. These differences are such as may be attributed to 
differences of timing, but with our present knowledge we cannot define 
them more exactly since we know little of the relationship of the coiling 
systems at the first and second divisions. 

The comparisons, however, show, first, that laggmg is a laggin g in con- 
gression as weU as in division, and secondly, that it is not due to inactivity, 
as the word suggests, but to a different and later time cycle. This has 
already been made clear by Kihara ( 1931 ) at the first division. It is now 
equally clear at the second. 

^—Double division of univalents 

Daughter-univalents, fragmenting transversely or lying iu the axis of the 
spmdle with their centric constriction much elongated, have been observed 
^d figured in various other organisms, particularly oats (Nishiyama 1931 ; 

atayama 1935 , Philp, unpublished) and also in an aberrant strain of 
P%sum in which univalents are common (Roller, unpublished). This be¬ 
havior has been explained by Darlington ( 1937 ) as being due to the trans- 
ver^ division of the centromere. The present observations of abnormaUy 
^vitog centromeres at the first division support this view. It is probable 
that the phenomenon occurs in other organisms with univalents in which 
some divide at the first division and lag at the second. Indeed, it seems to 
offer aa explanation of certain cases of double division of univalents which 
have been reported, usually in organisms with rather smaU chromosomes 
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(Darlington 1937, Table 65 (B)). That double division occurs is inferred 
from chromosome counts at the second anaphase. But where the chromo¬ 
somes are small, as in Rosa (Erlanson 1929), Prunus avium nana (Darling¬ 
ton 1930) and Raphanus-Brassica (Karpechenko 1927), it is diffi cult or 
impossible to distinguish the two arms either at the jfirst or the second 
anaphase of meiosis. Hence it would not be possible from anaphase counts 
to say whether the extra univalents had divided transversely or longitu¬ 
dinally, by the entire chromosome thread dividing a second time, as in 
mitosis. 

The two cases of doubly divided univalents which this explanation will 
not cover are those found in Pygaera and Ribes hybrids (Federley 1931; 
Meurman 1928). In the first we have genetical evidence that the chromo¬ 
some thread itself divides a second time. In the second, Meurman finds 
occasional pollen mother cells having sixteen univalents at the first meta¬ 
phase and others having sixteen presumably daughter univalents in each 
second metaphase plate, giving four unreduced daughter nuclei. It is, 
however, possible that these pollen mother cells, which are distinguished 
from the others by being larger and by having larger nuclei, may be tetra- 
ploid and produced by earlier somatic doubling, such as often occurs in the 
anthers of hybrids. The bodies in the cell would then be bivalents, their 
slightly smaller appearance being due to an increased chiasma frequency 
brought about by the doubling. 

In both these hybrids there is often complete failure of pairing at the 
meiotic prophase. It is therefore probable, as Darlington (1930) points out, 
that the double division of the chromosomes is in some way determined at 
pachytene by the failure of pairing, perhaps by the earlier division of the 
chromosomes at this stage. It is evident that true double division, that is, 
double division of the chromosome thread, may happen, but the evidence 
that I have presented makes it probable that it is more imcommon than 
has been supposed. Where the chromosomes are too small to make direct 
observation possible, and where breeding behaviour do^ not supply 
auxiliary evidence, it is simpler to assume that the extra division is trans¬ 
verse, since this does not imply so great a departure from the normal 
meiotic process as an extra division of the chromosome thread. 


4 —^ThE action of the CENTROMEEE in WAIiL FOEMATION 

We have seen that the centromere react to the spindle in certain ways, 
and that the reaction of the centromere differs according to the time at which 
it come under the influence of the spindle. It has further been suggested 
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that the centromere has an effect upon the last stage of spindle action, 
namely, upon wall formation. Darlington ( 1936 ) suggests that after the 
chromosomes have separated at anaphase, the part of the spindld between 
them is no longer a centrosome spindle, controlled from the poles, but a 
centromere spindle, controlled by the separating centromeres. It follows 
from Darlington’s assumptions, that if a univalent is left on the equator, 
midway between the separating groups, the reaction between its centro¬ 
mere and those composing the main spindle should determine a deflexion 
of the wall. The isolated chromosome should in other words become en¬ 
closed in a microcyte. An acentric fragment such as that accompan 3 dng a 
bridge should on the other hand not form a separate cell. 



I^^Teloph^ of the division in the diploid “Phihppe de Commines”. The 

fra^ent m aoentnc and consists of four left-handed coils. It is not cut off bv a waU 
It Jio^d be noted that the fragment, which has arisen as a resSt S c ^ssLg-Tver 

consistent direction. Changes of diilction 
^ cross-over chromatid af the point of 


My observations on Tvlipa confirm this. In diploids, where the only 
fr^ents present are acentric, microcytes have not been seen (fig 26) In 
tnplmds, on the other hand, where whole chromosomes may be left on the 
^uator, microcytes do occur (figs. 26, 27), although apparently not so 
^mmonly as m some organisms (e.g. Hya^mthus, Darlington 1929 ) When 
bndges are present the wafl passes straight through them (figs. 22 26) It 

^ ^ “ tMs way,’the two 

do nTtr^ It by the growth of the waU, so that they 

do not exactty comcide (fig. 22 ). There must also be a shift of the entire 

bnd^ toward, the edge of tie spindle, for snrritdng tot division bridges 
sontetunes oecnr at the eztoeme edge of the odi in 'a positior^hil ^ 
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would never occupy at first anaphase (fig. 22). This must again be due to the 
growth of the new wall, accompanied by a change in shape of the spindle. 

Frankel (1937) has examined diploid and triploid species of FritiUaria^ 
also with this end in view. He finds that microcytes are common in the 
triploid species, but occur occasionally also in the diploid, which was an 
inversion heterozygote, forming acentric fragments quite commonly. It 
therefore appears that in certain circumstances the body repulsions of 
lagging fragments may bring about a deflection of the wall. Centric and 



Fig. 26 Fig. 27 


Fig. 26—Anaphase of the second division in the triploid “Pink Beauty”. A wall 
separates a Doicrocyte containing two chromosomes, each of which appears to have a 
centric constriction. The cell also contains a first-division bridge passing through the 
waU, and a second-division bridge (cf. PL 14, e and/). 

Fig. 27—The same, but here the chromc^omes in the microcyte are d^enerating. 
A pair of daughter imivalents are lagging on either side of the wall. They must have 
divided at the previous anaphase (all x 2000). 

acentric fragments act differentially only if cell walls are formed while the 
centromere is stiU active. Bridges cannot deflect the wall because they lie 
across the cell. There is in fact no way of avoiding them. 

The differences we find in the occurrence and frequency of microcytes as 
between diploid and triploid species of Tidipa, FritiUaria and Hyacirdhus 
are evidently determined by difference in the activity of the centromere at 
the time when the walls, are formed. Up to a certain stage in the reconstitu¬ 
tion of the daughter nuclei, the centromere is the critical agent in modifying 
the shape of the spmdle and controlling the formation of the new cell waD. 
At a later stage, this function may be taken over to some extent by the 
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body-repxilsions of the chromosomes or even by the surface of the nucleus 
(Darlington and Thomas 1937). The stage at which this occurs probably 
differs from one organism to another. 


5 —^Abnoemal meiosis 

Occasionally we find, in an otherwise normal anther, cells in which one or 
more of the characteristics of meiosis are absent. Two such cells, showing 
opposite modifications of meiosis, have been found. In the first, from the 
diploid garden tulip “Mrs. Moon ” (fig. 28), the chromosomes exceed normal 



28—A^ptic ceUm the garden variety “Mrs. Moon” (2x). No chiasmata have 
been form^, ah the chromosomes have the characteristic appearance of univa¬ 
lents at metaphase. Iteyprobablyconsist of two chromatids, butevidently the oentro- 

meres have not yet divided, ( x 2000.) ^ 


meiotic chromosomes in their degree of contraction, but no chiasmata have 
been formed. The distribution of the chromosomes in the cell suggests an 
irregular anaphase such as we might expect where failure of chiasmata had 
prevented congression. Yet the chromosomes resemble normal univalents 
at metaphase rather than at anaphase, for their constituent chromatids Ke 
so close together that their double nature is concealed. Presumably this is 
tecause then chromatids are coiled in the same major spiral, as we find in 
bivalente of Tra^cantia and other plants. Moreover, the centromeres 
have not (hvided as they sometimes do at the first anaphase in univalents 
which agam suggests that the ceU is at metaphase. 

The super-meiotic contraction shown by these chromosomes is often 
characteristic of cells in which there has been failure of chiasma formation. 
It occurs m asynaptic strains of Avena (Huskins and Heame 1933), of Zea 
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(Beadle 1933) and of Grepis (Richardson 1935). Presumably in these oases 
there has been some dislocation of the normal time relations^ so that 
pachytene pairing was prevented, perhaps by the early onset of splitting. 
This would give the chromosomes a longer time for contraction than in the 
normal. 

The second abnormality is in many respects the reverse of this. This cell, 
from the triploid garden variety ‘'Inglescombe Yellow’’ (fig. 29), is clearly 



Fig. 29 —^Anaphase of the first division in “Ingleseombe Yellow’’ (3a;) in which the 
chromosomes are abnormally long and thin. Possibly this will result in the formation 
of a restitution nucleus. ( x 2000.) 

at anaphase. The two daughter groups are separating normally with a 
number of univalents still lying on the equator (cf. fig. 8). But the chromo¬ 
somes are abnormally long and thin, even longer and thinner than is usual 
at the second division of this variety (figs. 21, 22). This can hardly be due to 
their having uncoiled, for this process does not begin before telophase. We 
must then suppose that the coiling was arrested at an early stage of pro¬ 
phase or that there was a reduction in the usual rate. This anaphase must 
in fact have been derived from a metaphase similar to that found in 
Fritillaria Mdeagris (Darlington 1936, IV, fig. 11) in which the usual 
number of chiasmata was present but in which the bivalents were of 
mitotic length. 

Whether the abnormal behaviour of these cells is the result of mutation or 
of reaction to external conditions peculiar to them cannot be determined, 
but the two possibihties must be borne in mind in considering such cases. 
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SxnVTMARY 

1 — At late anaphase of the first division of meiosis in some garden 
varieties of Tulipa which are heterozygous for inversions, constrictions 
appear next to the centromere, commonly in dicentric chromatids, and 
exceptionally in freely separating chromatids. They are presumably due to 
the stretching of the spindle. This stretching in its extreme form leads to 
the separation of the firee sister arms of a dicentric chromatid at the centro¬ 
mere and indicates a special connexion between arms on opposite sides of 
the centromere. 

2 — ^In polyploids, univalents which come on to the plate at anaphase may 
be of three kinds: ‘"true” univalents, or chromosomes which have not 
formed chiasmata; “open” univalents, or lagging members of multi- 
valents; and “closed” univalents, or loop chromatids derived from a 
particular combination of chiasmata in an inversion and proximal to it. 
These three types may be recognized by their shapes and the positions of 
their arms. 

3 — ^Many of these xmivalents divide at the first division. In one variety 
the centromeres, as weU as dividing in the normal direction, that is, 
longitudinally, may divide transversely, separating pairs of sister arms, or 
obliquely, separating three arms from one. Again the direction of division 
may be normal, but one or more arms may break away from the centro¬ 
meres at an early or late stage of separation. If two arms break away, they 
may still remain connected to one another by a fine thread. 

4— ^At the second division the daughter univalents may congress, in 
which case their centromeres may divide again. Since the chromosome 
thread has not divided, the only way in which this can occur is trans¬ 
versely, so that the chromosome fragments. 

5— ^In Tvlipa acentric fragments do not determine a deflexion of the 
first division wall, but whole chromosomes, if they lie midway between the 
poles, may do so, and ^ve rise to supernumerary cells. In other words, the 
cell wall is formed under centric control. 

6 — ^These abnormalities show that the centromere has distinct properties 
of its own which govern not only the movements of the chromosomes but 
their structural continuity. These properties depend upon its special method 
and time of division, which unlike that of the chromomeres is not 
determined by its internal organization alone, but rather by its relation¬ 
ship with the spindle, with its chromatids and with other centromeres. 
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DESOErmoN of Plate 14 
AH magnifications are x ca. 2000. 

a—d. First meiotic anaphase in “Inglescombe Yellow”, a, bridge in the short arm of 
one of the bivalents, showing two free long arms pulled apart at the centromere. 
h, univalent dividing so that the two daughter short arms each carry a centro¬ 
mere while the long arms do not (cf. fig. 19). c, normal univalent (left) and one 
with a closed loop chromatid (right). Neither has yet divided, d, loop chromatid 
dividing so that one centromere carri^ three arms and the other one (cf. fig. 17 h). 

e, f. Different levels of the same cell at the second anaphase in “Pink Beauty”. It 
contains a first- and second-division bridge and a microc 3 ?i}e (cf. fig. 26). 
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Stimulation of the Corpora Lutea of the Rat by means 
of Progesterone and Testosterone 

By T. McKeowst and S. Zuckeemait 
Department of Human Anatomy, Oxford 

{Communicated by W. E, Le Qros Clark, F.B.S,—Received 25 August 1937 ) 

[Plates 15-17] 

The administration of progestin or progesterone inhibits oestrus in normal 
female experimental a nim als and leads to the cessation of follicular growth 
(Papanicolaou 1926, working on guinea-pigs; Gley 1928, on rats; Corner 
1935, on monkeys). Active testicular extracts or testosterone have a similar 
effect (Ihrke and D’Amour 1931; LfOndle 1931; and Robson 1936, working 
on rats; Zuckerman 1937, on rhesus monkeys). There is evidence that 
a phase of luteal activity occurs whenever the ripening of foUicles is in¬ 
hibited (see Evans 1928; Weichert 1930, amongst others), and it was 
therefore of interest to enquire whether or not luteinization of the ovaries 
is also an effect of the administration of progesterone and testosterone to 
normally cyclic female rats. Previous reports on this question are negative. 
Papanicolaou (1926) observed degenerative changes in the ovaries of 
guinea-pigs in which several successive oestrous cycles had been sup¬ 
pressed by means of progestin. Selye, Browne and CoUip (1936) injected 
six rats with 4 mg. of progesterone for 12 days, and at the close of the 
experiment found that neither recent corpora lutea nor mature follicles 
were present in the ovaries. 


Material aej> methods 

Albino and black and white rats were used. All injections were given 
once daily and subcutaneously. Oestrone was administered in aqueous 
solution, and both progesterone and testosterone propionate in oil. At the 
end of each experiment the uterus and one of the ovaries were fixed in 
Bonin’s fiuid, and after sectioning, stained with haematoxylin and eosin, 
the ovary being sectioned serially. The second ovary of each animal was 
fixed in Flem min g’s chrome-osmium fluid with acetic acid, and prepared 

[ 362 ] 
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to show osmicated fats according to the technique described by Deanesly 
(1930). In certain cases, noted below, the uterus was traumatized by the 
method of Shelesnyak (1933 a) (a modification of that of Long and Evans), 
in order to produce deciduomata. 


Experimental 

1 —The effect of testosteroTie on the ovary 
Six normally cyclic rats (R. 29 - 31 , 34 - 36 ) were injected daily for 10 days 
with 0*2 mg. of testosterone propionate. Two of the rats were in dioestrus, 
two in prooestrus and two in oestrus at the start of the experiment, during 
which they all passed into, and remained in dioestrus. On the sixth day 
a needle was passed through both uterine horns of each animal. Autopsies 
were performed on the tenth day. 

The ovaries of aU the animals contain several normal and presumably 
functional corpora lutea (cf. fig. l,Plate 15 ). The corpora are of various sizes, 
each ovary having one or two with diameters of 1-5 mm., the largest seen 
being T8 mm. in diameter. Long and Evans (1922) give the following maxi¬ 
mum dimensions for the normal corpora lutea of the rat: 


Corpora lutea of ovulation .. 

1-2 

mm. 

„ „ pseudopregnancy ... 

1-4 

mm. 

„ „ pregnancy. 

2-0 

mm. 

,, ,, lactation ... ... 

1*4 

mm. 


The constituent cells of the healthy corpora are large, and have relatively 
small nuclei and distinct cell boundaries (fig. 2, Plate 15 ). The cytoplasm 
is not vacuolated, and is usually free of large fat granules. Older corpora 
are to be seen in all the ovaries. Their constituent cells are shrunken and 
show other signs of degeneration. Many of the firesh corpora are not quite 
solid (cf. figs. 1 and 3, Plate 15 ), and strands of lutein cells are to be seen 
encroaching on the remains of the antrum. None of the ovaries contains 
large follicles. 

Each corpus luteum was examined in serial section. In many cases it 
seems plain that the lutein cells had developed from the granulosa of 
ruptured follicles (cf. %. 3, Plate 15 , which shows an incompletely organized 
corpus luteum with a rupture point bridged over by restored germinal 
epithelium). Long and Evans (1922) state, however, that solid corpora 
lutea in the normal rat ovary are frequently corpora lutea atretica, even 
though no sign can be found of the retained ova. The possibility that some 
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of the corpora in onr specimens are corpora lutea atretica cannot therefore 
be excluded, and the fact that many weU-organized and apparently healthy 
corpora are very small may be taken to indicate that they were formed by 
the luteinization of small unruptured follicles. 

Further evidence that functional corpora lutea were present in the rats 
injected with testosterone propionate is provided by the condition of their 
uteri. All the uterine horns were swollen, and in one instance (R. 34 ) the 
enlargement was considerable. Microscopic examination of the latter 
specimen shows a well-developed placentoma (figs. 4 and 5 , Plate 16 ), 
with typical decidual cells in process of rapid division. The remaining 
specimens have endometria of the type shown in fig. 6, Plate 17 . The surface 
and glandular cells are tall columnar, and in most cases are actively secret¬ 
ing. The epithelium lining the cavum uteri is much folded, and some of 
the endometrial glands are greatly distended. In two specimens there are 
masses of leucocytes m both the glands and the cavum uteri. The character 
of the stroma varies fi^om animal to animal. In some it is more cellular 
and vascular than in others, and the stromal nuclei are often very swollen. 
This picture corresponds almost exactly to that described by Deanesly 
and Parkes (1931) for the sterile horn of the mouse in the second half of 
pregnancy. To our knowledge it has not been found in a normal reproduc¬ 
tive phase of the rat. That the changes were not a direct effect of testosterone 
on the endometrium is shown by two groups of experiments described 
below. 

Selye and McKeown (1935) state that the decidual reaction can only be 
obtained when the endometrium is in a less advanced phase of growth and 
secretion than that just described. It is therefore likely that deciduomata 
were not obtained in five of the six rats discussed above because they had 
already passed beyond the first progestational reaction” (Selye, CoUip 
and Thomson 1935) when trauma was applied to the uterus. Another 
possible explanation is that the luteal stimulation of the endometrium was 
not entirely normal. It is well known that the conditions under which 
placentomata can be formed are very specific and sensitive (e.g. see Long 
and Evans 1922; Shelesnyak 19336). Parkes (1929), for example, failed 
to stimulate placentomata in X-irradiated rats whose ovaries were luteinized 
by means of A,-P. extracts. 

2—T}terine sensitivity in spayed rats treated with testosterone 
propionate 

In view of the finding that testosterone may exercise slight progestational 
effects on the endometrium (Klein and Parkes 1937), it became necessary 
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to enquire whether the endometrial changes demonstrated in the previous 
set of experiments were in fact produced by way of the ovaries, or whether 
they resulted directly from the action of testosterone. Accordingly five 
normally cyclic rats were spayed {R. 37 - 41 ), and a 9-day course of testo¬ 
sterone propionate injections (0-2 mg. daily) begun on the same day. On 
the fifth or sixth days of the experiment, the uteri were traumatized. 
Autopsies were performed on the ninth or tenth days. At the start of 
the experiment two of the animals were in oestrus, two in prooestrus, and 
one in dioestrus. 

No decidual or obvious progestational changes have taken place in any 
of the uteri (fig. 7 , Plate 16 ). They are all smaller in size than those of the 
previous set of experiments. The glandular epithelium is neither high nor 
secreting. The stromal nuclei are occasionally swollen. 

Since decidual reactions are obtained in spayed rats injected with 
progestin only if they have first been injected with oestrin (Weichert 1928; 
Nelson and PfiLffher 1930; Shelesnyak 1933 6), the experiment was repeated 
on six more ovariectomized rats (R. 42 - 47 ) which were first injected daily 
for 4 days with 141 .U. of oestrone. The resulte were again negative, no 
decidual or obvious progestational changes being produced (fig. 8, Plate 17 ). 
One of the specimens is peculiar in being exceptionally glandular. Its 
epithelium, however, is inactive. 

These negative results suggest that the decidual and progestational 
changes obtained in the first set of experiments were dependent on the 
ovaries, and presumably on the corpora lutea they contained. 

3 —The effect of progesterone on the ovary 

Seven normally cyclic rats (R. 24 - 28 , 32 , 33 ) were injected daily for 
fi:om 9 to 11 days with 1 mg. of progesterone. Autopsies were performed 
on the last day of injections. Three animals were in prooestrus, two in 
oestrus, and two in dioestrus at the start of the experiment. With the 
exception of one animal (R. 32 ) all the rats passed into and remained in 
dioestrus during the course of the experiment. 

Apart from those of R. 32 , the ovaries of all the animals treated in this way 
contain several healthy corpora lutea similar to, but as a rule slightly smaller 
than, those seen in the first group of experiments (figs. 1, 2 and 3 , Plate 15 ). 
R. 32 came into oestrus on the sixth day of injections. Its ovaries contain 
several follicles and less recent luteal tissue than the other specimens. 

No attempt was made to secure a decidual reaction in this group of 
animals, since any positive results that may have been obtained could have 
been interpreted as a direct effect of the injected progesterone, and not as 
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an effect of the hormone produced by the corpora lutea. The uteri of these 
animals are about the same size as those of the second and third sets of 
experiments, and much smaller than those of the first. Moreover, the growth 
and secretory changes which they exhibit (fig. 9 , Plate 17 ), while fairly 
distinct in some, are in general much less advanced than those manifested 
by the group of normal rats which in addition to injections of testosterone 
propionate were subjected to uterine trauma. This difference may either 
be attributed to the trauma, or to the fact that the corpora lutea were 
larger in the group of animals that had been injected with testosterone. 

Discussion 

The above experiments show that the dioestrus which follows the 
administration of testosterone or progesterone to normally cyclic female 
rats is associated with the formation of functional corpora lutea. Whether 
the ovarian change results from the suppression of follicular growth, or 
whether it is a direct effect of the injections, cannot be decided on the 
available evidence. Zwarenstein (1936), Shapiro (1936) and Shapiro and 
Zwarenstein (1937) have found that progesterone and testosterone will 
cause ovulation in the normal or hypophysectomized South African ‘ ‘ clawed 
toad” {Xenopus laevis), as well as in the excised ovary of tl^ig animal. 
Differences undoubtedly occur in the responses of the gonads of different 
classes of vertebrate to stimulation by gonadal hormones, but the fact that 
the amphibian ovary reacts in this way clearly suggests the possibility 
that the luteinization observed in our own experiments was a direct effect 
of the injections, and not an indirect one due to the suppression of follicles. 

As noted above, both obvious small corpora lutea atretioa and fresh 
corpora lutea that had developed from ruptured follicles are present in 
our spec^ens. Some of the larger corpora presumably date from ovula¬ 
tions which occurred at the start of the experiments, when the 
were not completely under the influence of the injected hormones. Many 
corpora lutea are, however, not quite solid (cf. figs. 1 and 3, Plate 15 ), and it 
IS necessary to bear in mind the possibility that new corpora lutea were 
formed late in the experiments. 

We wish to express our best thanks to Dr. K. Miescher, of the Ciba 
Company, for the testosterone propionate, and to Dr. M. Tausk, of the 
Organon Company, for the progesterone used in this study. 



Stimulation of the Corpora Lutea of the Rat 


367 


SlTMMARY 

Normally cyclic female rats were injected with testosterone propionate 
or progesterone daily for from 9 to 11 days. At autopsy several recent 
corpora lutea were seen in the ovaries of all the experimental animals. The 
activity of these corpora is indicated by progestational changes in the 
uterus and by the production of a deciduoma in one of the rats that had 
been injected with testosterone. Similar endometrial changes were not 
induced in spayed rats that were injected with oestrone followed by 
testosterone, or with testosterone alone. 
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Explanation oe Plates 15-17 

Fig. 1 —Ovary of R. 33, an animal that had been injected with progesterone, showing 
corpora lutea. x 17. 

Fig. 2—^Lutein cells in ovary of R. 27, an animal that had been similarly treated. 
x240. 

Fig. 3—A corpus luteum in ovary of R. 26, which had also been injected with pro¬ 
gesterone, showing antrum jSUed with follicular fluid and blood, and rupture 
point bridged over by reformed germinal epithelimn. x 78. 
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Fiq. 4 —^Deciduoma in B. 34, a rat that had been injected with testosterone propionate. 

x21. 

Fig. 5—^High power view of decidual cells in R. 34. x 226. 

Fig. 6 —^Endometrium of R. 36, which was also injected with testosterone propionate, 
showing change similar to those that occur in the sterile horn of mice in 
advanced pregnancy. x21. 

Fig. 7—^Uterus of R. 39, an p-Tii-mfl.! that was given a course of testosterone pro¬ 
pionate injections beginning on the day it was ovariectomized. x 21. 

Fig. 8 —^Uterus of R. 45, a spayed rat that was treated in the same way as R. 39 
after 4 days’ injection with oestrone. x 21. 

Fig. 9—^Uterus of R. 32, a normal rat that was injected with progesterone, x 21. 
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Address of the President 
Sir William Bragg, O.M., at the 
Anniversary Meeting, SO November 19S7 

This year the list of those whom death has taken from our Society is very 
long and heavy. 

f 

John Theodore Cash (1854-1937) was a Tellow of the Society for nearly 
fifty years. He was very active in research during the eighties and nineties 
of the last century, and his work helped materially to characterize British 
pharmacological research of that period. The results of his more important 
researches were contributed to the Society. They were mainly concerned 
with the connexion between chemical constitution and pharmacological 
action and were made in conjunction with the late Sir Lauder Brunton and 
afterwards with Professor Dunstan. His name will always be associated 
with the pharmacological action of organic nitrites and of the various 
aconitines prepared by Dunstan. But his contributions ranged over a wide 
field, and many were made to other Societies and Associations. All his 
work was done with enthusiasm and with most painsta ki ng care. Th^e 
characteristics were shown in his various activities in connexion with the 
great war. Personally he was of a somewhat retiring disposition but was 
a charming companion for those who were favoured with his friendship. 
His chief recreation was sahnon and trout fishing, and to a former generation 
he was widely known as an expert angler. 

Edgar Hartley ILettle, Professor of Pathology at the London Post¬ 
graduate School of Medicine, died December 1,1936 at the age of 54. He 
was successively, pathologist to the Cancer Hospital, Fulham, Lecturer on 
Pathology, St. Mary’s Hospital, Professor of Pathology at Cardiff, at St. 
Bartholomew’s Hospital, and from 1934 till his death at the London Post¬ 
graduate School at H amm ersmith. The subjects of his contributions to 
pathology range from tumoum to silicosis. His work on the latter subject 
and on the effects of noxious dusts, important in industry, are a permanent 
contribution to knowledge, and the experimental methods he devised for 
their investigation have improved our resources in the study of this difficult 
and economically important field. Kettle insisted on the specificity of the 
lesions produced in the tissues by irritants, whether microbic or inanimate, 
and showed in his work how these changes could be used as indicators for 
their presence and causal importance in disease. 
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In th.6 various scliools in which, he worked Kettle showed his personal 
gifts of teaching and administrative ability, and his tact and balanced 
judgement made hiyn j^ends everywhere. His election to the Fellowship 
in May 1936, six months before his death, was welcomed by pathologists 
throughout the country. His premature death is a loss to the Society as 
well as to scientific medicine. 

Sir Heebeet Jackson (1863-1937) has been perhaps most widely known 
for Ids work, during the great war, on ‘'Chemical and Optical Glasses the 
national importance of which has tended to distract attention from his 
investigations into phosphorescence and phosphorescent materials, the 
chemistry of photographic processes, his early work in the X-ray field, and 
so forth. 

Primarily, Jackson was an experimenter. Under Bloxam he received a 
thorough training as an organic chemist, and during his subsequent career 
he applied his chemical knowledge and his extraordinary energy and experi¬ 
mental skill to the investigation of any problems which came or were brought 
to his attention. 

He was also a microscopist of the fimt rank, and his microscope was in 
constant use to assist him in the various investigations which he undertook 
during a singularly active and varied career. 

He published little and kept only the scantiest of notes, but the variety 
and extent of the work which he did could be gauged by the wealth of 
knowledge and experience which he could bring to bear on matters of the 
most diverse character, and by the esteem in which his opinion and advice 
were held by all who had occasion to call upon biTn for assistance. 

The career of Aleeed Aethur Robb (1873-1937) was entirely devoted 
to intensive study and investigation. Even at school and College the original 
trend of his thoughts interfered with his record of success along the normal 
lines. After graduating at Belfast and later at Cambridge he passed on to 
Gottingen, where under the infiuence of W. Voigt he became immersed in 
the theory of the spectromagnetic effect of Zeeman, then passing from its 
simple origins into complex developments which are now fundamental, and 
his degree thesis was for that time a notable analysis of the subject. But 
his later interests were on the philosophical side. Ever since the days of the 
great astronomer Bradley, a friend of Kewton, there had been a latent 
discrepancy in the relations of time and space arising from the time required 
for light to travel, which has only recently been tackled at length, mainly 
along the impressive lines developed by Alfred Einstein. This, which had 
become experimentally prominent xmder Michelson and Rayleigh, was just 
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the kind of subject to excite Robb, His way of probing it to the bottom 
was from a postulate that the ultimate formative element in the cognition 
of every observing mind was simply linear succession of impressions in time, 
named by him the principle of before and after, and he had already advanced 
and perhaps established the thesis that in order that these impressions of 
various observers throughout the universe should be mutually consistent, 
the events to which they relate must be arranged in spatial order not, 
however, confined to the simple EucMean space. The mode of argument 
comes out perhaps most simply in the introductory chapter of the recent 
second edition of his main book, which he named a ''Theory of Space and 
Time”. 

Sir Grafton EnmoT Smith was bom in Australia in 1871. After a 
distinguished early career at the University of Sydney, he entered St. John’s 
College, Cambridge, in 1896. There he obtained a Eellowship in 1899 and 
was elected an Honorary Fellow in 1931. 

In 1900 he was elected to a Chair of Anatomy in the Egyptian School 
of Medicine in Cairo. From Cairo he was called in 1909 to occupy the 
Chair of Anatomy in the University of Manchester. After ten fruitful 
years of work there, he succeeded Sir George Thane in the Professorship 
of Anatomy in University College, London, where he remained until his 
retirement in September 1936. 

In 1907 he was elected into the Fellowship of this Society, in which he 
served twice on the Council and also as Vice-President in 1913. He was 
awarded a Royal Medal in 1912. He received the honour of Knighthood 
in 1934, and in 1936 the Decoration of Chevalier de FOrdre National de la 
Legion d’Honneur. 

Elliot Smith’s contributions to the subject of brain morphology, both 
in the way of ascertained fact and in interpretation, were such as to give 
his work a permanent place in the development of neurological science. 
He holds a high place for contributions to anthropological science, such as 
his studies on mummification and on the problem of Egyptian origins: 
perhaps even more important were his studies in the problem of human 
ancestry in general. To many of his contemporaries, especially in his later 
period, he was probably best known as an apostle of what is known as the 
"diffusionist school” in reference to human cultural origins. Around this 
phase of his activity controversy has been keen and vocal, his own voice 
being by no means lacking in resonance. 

No account of Elliot Smith, however brief, must fail to take note of his 
essentially lovable disposition, never quenched by the clamour of the arena. 
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Nor would any account of ln*m be at all adequate which lost sight of the 
enthusiasm which he inspired in his pupils and co-workers, for whom he 
was, and remains, a memorable personality. 

On January 13 of this year RoBiur John Thjlyaed met an accidental 
death in Australia. Bom in 1881, his early training and career were mathe¬ 
matical. TTi« dominant interest in later years was in animal life, and he 
became a professional entomologist. After eight years on the staff of the 
Cawthron Institute, Nelson, New Zealand, he became, in 1928, Common¬ 
wealth Entomologist for Australia. He held this post only six years when 
ill-health forced his retirement. His early biological work was on dragonflies, 
upon which he wrote many important papers. These researches led him to 
study the broader problems of wing venation, to the solution of which he 
made significant contributions. These in turn prepared him for the investiga¬ 
tion of the highly interesting fossil insects which were then being disclosed, 
and his many contributions in this field made hxVn the leading exponent of 
his day. He also wrote extensively on the more primitive orders of insects 
living in the Antipodes, and he was the author of a large textbook on the 
insects of Australia and New Zealand. In economic entomology he achieved 
notable success in applying biological control to the wooUy aphis of the 
apple in New Zealand. TiUyard became a Eellow of the Royal Society in 
1925. 

John AuBXANPMt MAcWnjjAM (1857-1937) studied at the Universities 
of Aberdeen, Edinburgh and Leipzig, and at University College, London. 
Erom 1886 to 1927 he held the Regius Chair of Physiology at Aberdeen. 
He spent his life investigating the circulatory system, particularly the re¬ 
gulation of the activity of the heart. His early inspiration was drawn from 
Dr. W. H. GaskeU of Cambridge, and he owed much to his training at 
the famous school of Ludwig at Leipzig. His researches were at times in¬ 
terrupted by indifferent health, but in spite of that he published important 
papers which have won him a great reputation. He was a gifted lecturer. 
He was elected to our Society in 1916. 

Max Webee, who died last February in his eighty-fifth year, was elected 
a Foreign Member of our Society m 1935. He was a famous teacher, 
who taught the whole present generation of Dutch zoologists; and he was 
himself the last great example of the old school of naturalists who took the 
whole world for their field of study. As a comparative anatomist he did for 
our day what Owen did for mammalian anatomy in his; as a student of 
fishes he set in order the whole rich fauna of the East India Seas; as a 
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traveller and explorer he brought home from the north and the south and 
the east immense collections for his brother naturalists and himself to study. 
He was a man of wide culture and great distinction, honoured and beloved 
throughout the whole brotherhood of zoologists. 

Fbakcis Sowebby Macaiilay, bom near Oxford and educated at Bath, 
graduated from St. John’s College, Cambridge, m 1882, and after some time 
at his old school settled down for many years as chief mathematical master 
at St. Paul’s School. That he was a schoolmaster of novel and quite out¬ 
standing ability is shown by the long list of distinguished men whom he 
sent out. On retirement he settled in Cambridge, was made P.R.S. in 1928, 
and though hampered by increasing weakness in his last years, continued 
his interest in his work and in the work of younger men to the end. 

He was a man of penetrating logical mind, and was attracted while stiU 
a schoolmaster by the algebraical difficulties surrounding a formula, given 
by Max Noether, for the expression of the equation of a plane curve passing 
through the intersections of two given curves. This study, to which he 
devoted many published papers, led him to the study of modular systems, 
that is, systems of algebraical polynomials which are expressible linearly 
by means of definite polynomials (with coefficients suitably chosen poly¬ 
nomials). The work had a very living interest in connexion with Hilbert’s 
remarkable proof for the finiteness of the system of invariants of a binary 
form; this question of finiteness had been a major preoccupation for Cayley 
and Sylvester and Paul Gordan over many years. Macaulay developed his 
investigations mto a Cambridge Mathematical Tract (1916), which remains 
a striking contribution to a subject little known in this country. His later 
wnritings were for the most part developments of this earlier work. 

When William Taylob, who was elected to our Society in 1934, died 
in February of this year, the country lost a very great designer and 
organizer in the realm of fine engineering and optical instruments. As the 
moving spirit in his firm during the half-century from 1887 to 1937 he 
developed the design of their precision products, and organized the manu¬ 
facture of camera lenses of high quality, until Taylor, Taylor and Hobson 
and their products were known in every country of the world. 

But he had more important, though less spectacular, works to ids credit. 
By his work on Government, British Association and other Committees, 
he materially raised the standard of mechanical and optical manufacture 
in this country. 

As a designer he showed a comprehensive knowledge of engineering 
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practice, an authoritative grasp of the result to he desired, and an untiring 
patience till his goal was reached. 

These qualities were equally brought into play in the running of his 
factory, which indeed seemed in its arrangements to be characterized by 
the same accuracy and beauty of design as were displayed in the objects 
which it produced. 

Sir Hekry Capel Lofet Holbek was born in 1856, was educated at 
Ipswich School and the Royal Military Academy. He entered the Royal 
Artillery in 1875, served in India and was subsequently Superintendent of 
the Royal Gun and Carriage Factories at Woolwich. As a servihg officer he 
was instrumental in introducing scientific methods into Woolwich Arsenal, 
particularly in all that concerned the testing of guns and explosives. He 
possessed a thorough practical knowledge of electricity, and considerable 
inventive genius. He was a keen experimenter, who was much aided in the 
design of the various instruments which he invented by his very highly 
developed skill as an amateur mechanic. The proof butts at Woolwich were 
first equipped with an efficient modern instrument system as a result of his 
activities, and the Holden chronograph is still in use for the determination 
of muzzle velocities. His technical services were also utilized by the War 
Office in the reorganization and re-equipment of the Royal Gun Factory 
and the Royal Carriage Factory. The technical excellence of British gunnery 
during the great war was largely due to his belief in the need for the 
systematic application of science to technical problems. 

Sydney Young died on April 9 in his eightieth year. Having worked 
under Roscoe and Schorlemmer at Owens College he was appointed as 
Ramsay’s assistant in 1882. A long series of papers has linked the names 
of Ramsay and Young, and set a standard of excellence in physico-chemical 
determinations. They undertook a systematic investigation of the vapour 
pressures of solids and liquids, the thermal properties of pure liquids, and 
the thermodynamical relations involved. Succeeding Ramsay in the Chair 
at Bristol, Young continued with undiminished energy and, with his pupils, 
studied the critical constants of pure liquids. The Society’s Fellowship, 
bestowed at the age of 36, was a recognition of the value of this work. The 
necessity of having liquids of the highest purity led him to study methods 
of purification by fractional distiQation, and it is for this work, purification 
by means of the formation of binary and ternary mixtures of constant 
boiling-point, that his name is best known. Along these lines his work 
found numerous industrial applications. From 1904 to 1928 he held the 
University Professorship of Chemistry at Trinity College, Dublin. There 
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teaching duties left little time for research, but he published several articles 
and two important books. 

Arthur Harry Church, whose whole life as a working botanist was 
spent in the Department of Botany at Oxford, combined remarkable dis¬ 
tinction of mind with a peculiar mentality, not free from a certain aloofness, 
which tended to cut him off from his fellow-botanists. He never followed 
beaten tracks, nor devoted himself to ‘"fashionable” work, but always took 
his own line, reconsidering many problems in an original way on the basis 
of patient, long-continued and penetrating investigations. His primary 
interests were in morphology, and his powers of observation and delineation 
of plant structures were of the highest order. His theoretical writing was 
sometimes one-sided, but always valuable and stimulating, and while some 
of his views have not been and are not likely to be accepted, he illuminated 
many topics by his fresh treatment and comprehensive outlook. Probably 
the work least open to criticism is his study of phyllotaxis, which un¬ 
doubtedly placed the subject on a sound basis. Much of his long paper on 
‘"Thalassiophyta”, in which he dealt with the condition of evolution of 
plant life in the sea and its later adaptation to land conditions, is extremely 
interesting and valuable. Some of Church’s best work—^notably on the 
morphology of the flower—^was never published, but remains buried in 
notes for his students. As a teacher he was pre-eminent, and many genera¬ 
tions of Oxford undergraduates remember with deep gratitude the stimulus 
of his teaching, at once critical and constructive. Probably Church had a 
wider knowledge of the facts and problems of botany—other than the 
purely physiological—^than any teacher of his generation; and he left a 
deep and lasting impression on the Department in which he laboured con¬ 
tinuously and devotedly for more than 30 years. 

Arthur George Perkiit was born in 1861, a member of a family devoted 
to chemical research. He worked under Franklin and Guthrie at the Royal 
College of Science and subsequently in the Dyeing Department of the York¬ 
shire College at Leeds. For ten years he was with a Manchester firm, 
manufacturing alizarin, and had been for some time manager when he left ^ 
m 1892 to join the Yorkshire College as lecturer and research chemist. In 
1916 he succeeded A. G. Green as Professor of Colour Chemistry. 

Perkin’s fame rests securely on his fine contributions to our knowledge 
of natural and synthetic colouring matters. He wrote a very large number 
of papers of importance; he contributed many of the articles on natural 
dyes in Thorpe’s "^Dictionary”, and with A. E. Everest he published in 
1918 a standard work on “The Natural Organic Colouring Matters”. 
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Petkin was an able and inspiring teacher. Though his ways were gentle, 
his influence was profound. He was very successful in fitting men for 
industrial work, and the department over which he presided in the Uni¬ 
versity of Leeds acquired a high reputation as a centre both of knowledge 
and training. His work has been of national importance. He became a 
member of our Society in 1903, and in 1924 he was given the Davy Medal, 
which he thoroughly deserved. 

The career of Thomas Mathbe illustrates the capacity-catching value 
of Whitworth Scholarships. One of the first of these was gained by 
Mather in 1878 after a strenuous five years’ engineering apprenticeship 
combined with regular attendance at evening classes. He was thus enabled 
at the age of 22 to enter a four-years College course, through which he 
passed with great distinction. He became an assistant to Professor Ayrton, 
first at Finsbury and afterwards at South Kensington. On the death of his 
chief he succeeded him as Professor of Electrical Engineering. 

He began to teach when electrical engineering was an entirely new in¬ 
dustry. His main life work consisted in the initiation and development of 
teaching appliances suitable for technical students and also in the help 
which he gave to laboratory workers of all grades. He was an able pioneer 
both in the College work which had to precede the commercial production 
of good instruments and in the equipment of laboratories for industrial 
testing and research. 

The value of his work was recognized by his election as P.R.S. in 1902. 
Six years later he was joint author with Professor Ayrton and F. E. Smith 
of three important papers published by the Royal Society and dealing with 
the establishment of the National Electrical Standards. 

The death of Henry Edward Armstrong on July 13, in his ninetieth 
year, deprives our Society of its senior Fellow (his election dating so 
far back as 1876), and many scientific institutions and assemblies of a 
familiar and distmguished figure. When the Davy Medal of the Society was 
presented to Professor Armstrong in 1911, in recognition of his researches 
in organic and physiological chemistry, reference was made to the active 
part he took in the discussion and criticism of current theories in chemistry, 
and to the fruitful fields of inquiry which he origmated or in which he 
co-operated. 

Throughout his scientific life, the spirit of the motto of our Society was 
manifest in him; and his judgement was never influenced by authority. 
An example of his departure from orthodox methods was the introduction 
of crystallography into the course of practical chemistry at the City and 



377 


Anniversary Address by Sir William Bragg 

Guilds College, fifty years ago, in association with Sir Henry Mers. This 
largely determined the character of important later researches by his two 
assistants, Sir William Pope and Professor T. M. Lowry, both of whom 
became PeUows of our Society. Pour other Pellows who were his colleagues 
or students, and whose work he inspired, are Professor W. P. Wyone, 
Professor Stanley Edpping, Professor A. Lapworth, and his son. Dr. E. F. 
Armstrong. His students occupy leading positions in science and industry 
in many parts of the world; and m August 1927 they presented to him and 
Mrs. Armstrong his portrait by Mr. T. 0. Dugdale, exhibited at the Eoyal 
Academy in that year. 

Professor Armstrong was an acute observer and inquirer in many scientific 
fields other than that of chemistry, such, for example, as agriculture, botany 
and geology, and he was an untiring advocate of the introduction of research 
methods into science teaching at all stages. 

Gbokgb Adolphtts Schott (1868-1937) was educated at Bradford 
Grammar School and Trinity College, Cambridge. He was for a long time 
Head of the Department of Applied Mathematics at Aberystwyth. The 
solution of the Hertz-Heaviside form of Maxwell’s equations corresponding 
to the general motion of a point charge is effected by means of the retarded 
potentials of Li4nard. Except in the simplest cases, such as uniform recti¬ 
linear motion and in the case of quasi-stationary motion, the evolution of 
these potentials presents a problem of extreme complexity. Schott was ex¬ 
celled by none in finding out cases capable of explicit expression in elliptic 
functions and in obtaining Bessel expansions of great generality. His Adams 
Prize essay, which was published in 1912 under the title “Electromagnetic 
Eadiation”, seemed to contain the utmost contribution of the classical 
theory to the radiation problem. The advent of the Bohr theory, however, 
turned his attention to the possibility of radiationless orbits, and it is grati¬ 
fying to know that he crowned his long researches on this subject by actually 
discovering such orbits within the scope of the classical theory. Hjs last 
paper containing this discovery was published in the Proceedings of the 
Royal Society in April of this year. In size such orbits were much smaller 
than the Bohr orbits, and sadly enough in his last paper he speaks of future 
developments to foUow. What possibilities be in Schott’s orbits is a matter 
for the future. 

Among those who drew their inspiration from, and furthered, the pioneer 
work of Cayley, Sylvester and Salmon in the algebraic invarianttheoryin the 
nineteenth century, Edwin Bailbt Elliott takes a very distinguished place. 
TTih peculiar gift of analytical manipulation of complicated mathematical 
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structures was governed by a rare insight and feeling for the natural approach 
and the appropriate line of enquiry. Continental mathematicians, notably 
Gordan and Hilbert, had advanced the invariant theory by discoveries of 
capital importance as to the finiteness of certain apparently infiinite systems, 
this stage being completed in the year 1890. Elliott, who already had shown 
plain signs of his analytical skill, thereafter became the chief interpreter of 
these newer concepts in terms of the original operation and theories of 
Sylvester. His book—^the “Algebra of Quantics”—^which first appeared in 
1896, is a model of its kind, and could not be bettered for lucidity and 
charm. It is an admirable introduction to his own considerable original 
writings, and those of his forerunners. His latest published work lay in the 
field of pure analysis, where he produced a beautiful and simple proof of 
a theorem on the convergence of positive terms that had taxed the in¬ 
genuity of leading analysts. Professor Elliott died on July 21, at. the age 
of 86. 

Sir David Oemb Masson (1858-1937) was a son of the Regius Professor 
of English in the University of Edinburgh. He was a student at the 
Edinbrugh Academy, and afterwards graduated at Edinburgh University. 
After a short period of research under Crum Brown he became assistant 
in 1880 to Sir William Ramsay at Bristol. In 1886 he became Professor 
of Chemistry in the University of Melbourne. A brilliant and inspiring 
teacher, Masson built up a fine school of chemical research, and thereby 
exerted a steady influence upon the development of Australian science. 
He was a leader in the foundation of Australia’s scientific institutions. 
Among these were the Commonwealth Advisory Council of Science and 
Industry, of which he was deputy-chairman from 1916 to 1920; the 
Austrahan National Research Council, of which he was president from 1922 
to 1926, and the Australian Chemical Institute, of which he was in 1924 
the first president. 

Masson’s researches were concerned chiefly with physical chemistry, more 
particularly with the theory of solutions, ionization and chemical dynamics. 
He had remarkable originality and foresight, so that a long series of im¬ 
portant papers came from his laboratory. He was a keen exponent of the 
ionic theory in its early days, and made many contributions to it. He was 
the author of important and prescient suggestions respecting the periodic 
system, the composition of the atom and the laws of electrolysis. 

He was a man of great charm, and had a rare gift of lucid exposition. 
In his long life in Australia he grew to be a loved and venerated leader. 
He became a Eellow of the Society in 1903. 
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Lionel Waltee, second Baeon Rothschild oe Teino, who died on 
August 27 at Tring, aged 68, was greatly devoted to zoology all his life. 
Before he was thirty he had become in that branch of biology an out¬ 
standing figure of world-wide reputation. The cottage he built at Tring in 
1889 for the housing of his collections was the small beginning of a museum 
that has since grown to a great size and contains series of specimens, such 
as those of anthropoid apes and cassowaries, which are unequalled in any 
public museum. The greatest asset in the research department is the collec¬ 
tion of some two million Lepidoptera providing iavaluable material for the 
study of evolution. All the collections were at the service of specialists, who 
found the museum an ideal place for working. Lord Rothschild’s writings 
on systematic zoology were very numerous and varied, and his activities 
were so much appreciated that many foreign scientific societies elected him 
an honorary member. In 1898 the University of Giessen conferred on him 
the degree of Dr .Phil. In 1899 he was elected a Trustee of the British 
Museum; and in 1911 he became a PeUow of the Royal Society. From 1899 
to 1910 he represented Mid-Buckinghamshire in Parliament. In a codicil 
to his will he left his museum to the Trustees of the British Museum on 
condition that it be continued in some form or other for the benefit of 
zoological research. 

Albeet Heim died on August 31 at the age of 88. For sixty years he 
had been the best known figure among Alpine geologists. His statement of 
the Glarus ‘‘Double Fold”, a theory originating with Escher, brought him 
into prominence in 1878. His eventual recognition in 1902 of the truth of 
the rival one-way interpretation was a notable event. His “Geologie der 
Schweiz”, 1919-22, furnished an imperishable memorial. 

Heim’s geological interests were very wide. He made important con¬ 
tributions to stratigraphy, tectonics, metamorphism, glaciology and the 
study of scenery. He wrote fiuently, and had rare skill both as draughtsman 
and as engraver. With his own hand he engraved many of the illustrations 
that adorn his text. His delightful personality in its venerable stage will 
long be remembered both at home and abroad. He was the doyen of the 
Society’s Foreign Members and the last survivor of those elected in the 
nineteenth century. 

Aleeed James Ewaet was a botanist of varied interests. He was born 
in Liverpool in 1872 and educated at Liverpool Institute and University 
College, Liverpool. When only twenty-two he published two contributions 
to plant physiology, dealing respectively with vitality and germination of 
seeds and the germination and growth of pollen tubes. At Leipzig under 
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Pfeffer, he carried out an investigation on assimilatory inhibition in 
chlorophyllous plants. At Birmingham he occupied a succession of posts 
ranging from science master at King Edward’s School to Deputy-Professor 
of Botany in the University. During this period Ewart published a number 
of memoirs on various aspects of plant physiology, including a book on 
protoplasmic streaming in plants and a paper on the ascent of water in 
trees which appeared in Philosophical Transactions. But, the best known 
of his botanical achievements during this period of his life is his translation 
of Pfeffer’s “Physiology of Plants” published by the Oxford University 
Press in three volumes. 

In 1906, Ewart was appointed to the Chair of Botany and Plant Physi¬ 
ology in the University of Melbourne. Until 1921 he also held the post of 
Government Botanist to the Government of Victoria. In Melbourne Ewart 
maintained his interests in plant physiology and a number of papers dealing 
with researches on vitality of seeds, ascent of water and photosynthesis 
appeared from his pen. He wrote also on questions of forestry and mycology. 
Perhaps his most important publication in the sphere of systematic botany 
is his “Flora of Victoria”. 

The gap caused by the death of Babon Rtjtherfoed of Kblsok, still 
in fuU vigour of mind and body, is one which will be felt far and wide for 
a very long time. He unravelled the tangled skein of radioactivity with a 
persistence and acumen rare in the history of science. He modified all our 
views of atomic theory, and showed that the nucleus of an atom carried 
most of the mass and all the positive charge. His crowning feat was the 
first step in the transmutation of matter. He founded schools of able 
enthusiasts at McGill, Manchester and Cambridge. He combined rare 
judgment and insight with remarkable manipulative skill and by his 
genius inspired others to fine achievement. Honours deservedly poured 
upon him: Order of Merit, Nobel Laureate, President of the Royal Society, 
a Peerage, but none of these could spoil his friendly, strong and simple 
character. 

I shall not attempt on this occasion to review his scientific achievements, 
nor to teU the story of his life. So great and wide have been the sense of 
loss and the desire to pay him tribute that innumerable references have 
already been made to him. Friends, colleagues, students and many who 
had never met him but had grasped the value of his work, have recorded 
their admiration and drawn pictures of him from their different points of 
view. Already they have constructed for him an imperishable record, 
though indeed the marvellous advances in scientific knowledge which we 
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owe to him. have already given him honom and a name which can never 
be forgotten. It is only left to me to record here the veneration and 
affection which in this Society have been his in abundant measure. 

Sir Herbert Maxwell was born at Edinburgh in 1846 and was 
educated at Eton and Oxford. He was kin to those who in earlier and 
doubtless easier days took, or tried to take, all knowledge for their province. 
In no field did he work intensively, but what he may have lost there he 
gained in extension, and in a resultant balance of judgment. In the 
event he achieved a remarkable distinction. 

All his life he was a student of the country-side. The Annals of Scottish 
Natural History, and various horticultural Journals contain short con¬ 
tributions detailing his observations. He was in many ways the Gilbert 
White of his country and of the neighbouring shires. He was President 
of the Society of Antiquarians of Scotland for many years and Rhind 
Lecturer in Archaeology at Edinburgh University on two occasions. He 
was in 1910 Lecturer on Scottish History in the University of Glasgow. 
He wrote a number of historical and biographical pieces. For painting 
and sketching he had both talent and enthusiasm, and their pursuit 
occupied much of his leisure. He was Member for his county for 26 years, 
holding his seat ia an uninterrupted series of seven general elections. He 
was a Lord of the Treasury, a Government Whip, Chairman of the Tariff 
Reform Party in the House of Commons (1903) and Lord Lieutenant of 
his County. His interest in Scottish History and Literature is reflected in 
his Chairmanship of the National Library of Scotland. He was an officer 
in the Ayrshire militia for 21 years. He was a keen fisherman and a good 
shot. 

Diffused as were his interests, his energies were rarely misdirected. 
North of the Tweed he occupied a very special place in the eyes of his 
countrymen—a very old and wise Nestor who could give advice to the 
point on most matters and did not hesitate to tender it. 

The sudden death of James Ramsay MacDonald from heart failure when 
on a voyage to South America will be deeply regretted by the FeUows of 
the Society. In his early days he was a keen student of science, and would 
no doubt have held to research and teaching all his life had he not become 
attached to a remarkable group of social reformers in Bristol fifty years 
ago. Even when he left Bristol to come to London he continued his studies 
of scientific subjects privately and at Birkbeck College with a view of 
obtaining a scholarship or exhibition ia the old Science and Art Departments 
examiaations. It was impossible, however, for him to find time outside his 
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daily working hours for the intensive study required, and he had to abandon 
his early hopes. 

This is not the occasion for an account of Ramsay MacDonald’s great 
political career. We remind ourselves, however, that when in 1936 he 
resigned his office as Prime Minister and First Lord of the Treasury, he 
became Lord President of the Council, and as such was responsible to 
Parliament for the reports of the Department of Scientific and Industrial 
Research and of the Medical and the Agricidtural Research Councils. He 
took a particular interest in the work of these Departments. He had 
indeed maintained his scientific interest throughout his life, and on the 
ground that he “had rendered conspicuous service to the cause of science ” 
he was elected a Fellow in 1930. 

News has just been received in England of the death of Sir Ja&adis 
Chundbr Bose. He was bom in 1868, and was educated at Calcutta and 
Cambridge. In the closiug years of last century Bose made a number of 
ingenious experiments on Hertzian waves. He succeeded in generating 
waves of such high frequency that it became possible to examine their 
reflection, refraction and polarisation by means of instruments little more 
cumbrous than their optical analogues. In later years he was much 
interested in the response of plants to various forms of stimulus. He 
founded and directed the Bose Research Institute. He presided over the 
Indian Science Congress in 1927. He became a Fellow in 1920. 

Fellows will have learnt with great pleasure that His Majesty King 
Gbobgb VI has graciously consented to be the Patron of the Society, thus 
continuing a practice which has been, from the foundation of the Royal 
Society, a source of pride and gratification. 

We are grateful also for His Majesty’s promise to continue the annual 
grant of two Royal Medals. 

I would like to refer briefly to certain interesting events of our past year. 

An informal discussion between the Officers of the Society and an 
Officer of the National Academy of Washington has led to a very happy 
result. It was proposed that in alternate years the Society should invite 
and entertain a distinguished lecturer from the United States, and the 
Academy should arrange the converse proceeding. The Pilgrim Trust 
was consulted on the question of providing the money required for the 
scheme, and most generously offered a sum of 1600 guineas, which in the 
opinion of the Trust should provide for suitable honoraria to be paid to the 
lecturers in six successive years. An exchange of communications between 
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the Academy and the Society has resulted in the completion of the neces¬ 
sary arrangements, and the first Pilgrim Trust Lecture toU, it is expected, 
be given in London in the coming summer. 

Fellows will, I am sure, feel that no more agreeable way of emphasizing 
the cordial relations between American and British science could have been 
devised. Although modem communications axe so rapid and complete and 
views spread so quickly, there is a personal character in the research of 
each man who breaks into a new field, and this interesting and important 
character can only be communicated by the man himself. In my opinion 
these lectures should not be mere summaries of past work, nor general 
discussions of scientific advance. It might be their special feature that they 
should transfer firom one side of the Atlantic to the other new ideas which 
had already begun to be fruitful and promised wide expansion in the future. 
Such lectures would associate workers in a common task, and encourage 
correspondence and the formation of fnendships. The choice of lecturers 
would not be determined on the same plan as the choice for the awards of 
medals or other distinctions, but would rather bring into prominence the 
most important lines of advance of the day. The progress of science wotdd 
be the object of the Pilgrim Trust Lecture, and not the honoiiring of 
scientists. 

The provision of funds for six years is sufficient to make trial of the plan. 
If it is successful, as we may be sure it will be, we hope that means for its 
continuance will be forthcoming. 

I am tempted to further hopes. It may be that the universal wish to 
promote peaceful relations between the nations of the world may find some 
who are willing to follow the example of the Pilgrim Trust. Of all the enter¬ 
prises of mankind the acquisition of Natural Knowledge pays least attention 
to the divisions of men. We have national industries, national trade, national 
literature, national art, national characteristics, even national religion, but 
there is only one Nature for us to know. One could wish that the seasonal 
interchange of men to show to other nations what new illumination was 
dawning in this or that subject of enquiry could be firmly established and 
honoured by the emphatic recognition of the 'academies and indeed of the 
State itself. No greater gift could be made by one people to another than 
an illuminating idea; it would deserve a people’s welcome. 

In April the delegates to the General Assembly of the International 
Council of Scientific Unions met for conference in our rooms. Gk>od use 
was made of the opportunity to discuss some important scientific matters 
of an international character. The meeting was a particularly pleasant one, 
largely on account of the personality of the President, Dr. Norlund, whom 
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many of us are now happy to remember as a friend. Dr. Norlund conveyed 
to the Gteneral Assembly an invitation from the Royal Danish Academy of 
Sciences to meet in Copenhagen in 1940, which was accepted. 

Last November, I spoke of the large sum which the late Mr. H. B. Gordon 
Warren had bequeathed to the Society. In the course of the year two Fellows 
have been appointed under the terms of the bequest. It will be remembered 
that Mr. Warren desired that the money should be applied to the encourage¬ 
ment of research in metallurgy, engineering, physics and chemistry. One 
of the new Fellows, Mr. Hartley, proposes to work on oil drops, films and 
solutions, and the other, Mr. Randall, on the mechanism of fluorescence 
in pure and impure solids. These subjects have that leaning towards the 
application of science which was clearly in Mr. Warren’s mind; and it is 
interesting to observe how easily the choice falls into accord with great 
industrial problems of the day. We associate the study of phosphorescence 
in the past with but a few enquiring minds, among whom Sir Herbert 
Jackson, who was so recently with us, was prominent. When 0. V. Boys 
gave the children’s Christmas Lectures on soap bubbles at the Royal Insti¬ 
tution in 1899, it was generally felt that the subject was redeemed from 
ultra-childishness only by the exceeding technical skill and the ingenious 
explanations of the lecturer. In these days the film, and phosphorescence, 
are very important indeed. 

By the addition of these two Warren Fellows the research “ staff ” of the 
Society is still further increased. The work which has been accomplished 
during the year is described in an appendix to the Council Report. Fellows 
will agree, I am sure, that it makes a fine record. 

During the year, four “discussion meetings” have been held, with much 
success. An attempt has been made on each occasion to collect, even from 
considerable distances, all who were interested in the subject for discussion, 
including particularly the younger men who might be working on it. The 
purpose in view was the encouragement and help that would be expected 
to follow from personal contact and exchange of information. The Royal 
Society has some right to look on the young workers of the country as, in 
a sense, i% statu pupillari, and has a certain responsibility for their effective¬ 
ness. The very considerable sum—more than £30,000 a year—which the 
Society has undertaken to devote to the improvement of Natural Know¬ 
ledge gives it power, up to a point, to control the direction of research; and 
in doing so, to help the workers to do their best. The impression formed at 
the discussion meetings was certainly one of conviction that they are a help 
and a pleasure to those who attended them. 

The Council Report- contains notices of bequests and gifts increasing 
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farther the resources of the Society which are to be devoted to research. 
The reference to Dr. J. H. Stothert will remind Fellows that a lamentable 
accident on an Austrian river has deprived medical science of an enthusiastic 
young worker who might have made important contributions to knowledge. 
Like Moseley, who also was young, he has left his fortune—^in his case as a 
reversionary interest—^to the Royal Society. The Society cannot but feel 
a tenderness in handling such gifts as these. 

On a very interesting occasion during the year, a number of letters, which 
had long remained under seal in the Society’s safe, were opened in the 
presence of Fellows and others. There were no inscriptions governing the 
manner and time of their opening, and it seemed to the Council that any 
l^its must long have been passed. Several of them were very interesting 
in their matter, quite apart from the dramatic circumstances of their dis¬ 
closure so long after their authors had written and sealed them and handed 
them for safe keeping to the Officers of the Society. The most interesting 
of all was a letter of Faraday’s, written in 1832; it has been published in 
the Society’s Occasional Notices, 2. It shows that he was then entertaining 
the idea that the ‘ ‘ diffusion ’ ’ of magnetic and electric forces was comparable 
with the spread of waves on water or in air, and had indeed a vibratory 
character. Perhaps because of preoccupations which hindered the develop¬ 
ment of the idea, and because of the difficulties of experiment, it was not 
until 1846 that he made public reference to the matter. In the latter year, 
Faraday had to take Wheatstone’s place on very short notice at a Friday 
Evening Discourse at the Royal Institution, and found that when he had 
completed the description of the apparatus which he and Wheatstone had 
arranged during the afternoon, he had stiD, in hand a portion of the lecture 
hour. He then went on to speak of his “Thoughts on Ray Vibrations” 
which afterwards formed the subject of a paper in the PhUosophicctl 
Magazine. It was this paper that led Maxwell (PM. Trans. 1865) to 
put Faraday’s experimental results in a mathematical form, and fiiiaUy 
to frame the electromagnetic theory of light. Until this letter was opened 
at the Royal Society meeting there had been no indication that Faraday’s 
thoughts on ray vibrations had been simmering for so long. 

The Report of Council describes alterations of some importance which 
have been made in the Statutes. 

The Report also refers to progress made in the cataloguing, arranging 
and binding of manuscript letters belonging to the Society. It is well known 
that the Library contains very valuable material which has never been fully 
examined. It is surprisingly rich in historical documents,, and also in early 
books and pamphlets. As these are brought into order, the value and 
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interest of the Library will be much increased. The work requires, however, 
considerable time and labour, and is therefore expensive. The funds provided 
by the late Sir Arthur Church are at present being devoted to this purpose. 

I should like to take this opportunity of welcoming our new Assistant 
Secretary, Mr. Griffith Davies, who will, I hope, find interesting work with 
the Society for many years to come. I would like also to thank Mr. Winck- 
worth for his past services as Assistant Secretary, and to express the general 
satisfaction that he will now occupy himself with the most important task 
of the Assistant Editor of our publications. 

One more matter, which has been mentioned in the Occasional Notices, 
deserves the special attention of the Fellows. Professor Salisbury made a 
generous donation of £25 towards the decoration of our rooms. The example 
is excellent. Our rooms are not large, we wish they were much larger. If 
we are not to enjoy the dignity of spaciousness, we can at any rate make 
the rooms beautiful; and there can be no doubt that much can be done to 
that end. 


A cursory glance over the research work described in the scientific publica¬ 
tions of to-day shows that remarkable interest is concentrated on magnitudes 
which are too small to be examined in detail under the microscope and too 
large to be studied conveniently by X-ray methods. Such magnitudes are to 
be found in all lines of research, medical, industrial, and purely scientific. 
Their behaviour presents numerous problems of great interest, and also of 
considerable difficulty. Solutions are of pressing importance, because the 
want of knowledge is in all cases a considerable hindrance to progress. 
When in the course of our work we arrive at these magnitudes we realise 
that we are facing a key position. 

The microscope makes it possible to detect objects as small as a few 
hundred Angstrom units in diameter, but it is far from revealing the details 
of objects so small as this. There are other optical methods of detecting 
such magnitudes. Thus Langmuir has recently shown how the polarization 
effects of films no more than a few dozen A.U. can be made visible: but 
again this method does not supply a means of examining detail. 

The X-rays in a sense go too far. Their wave-lengths are such that the 
crystalline arrangement of atoms and molecules can be measured with very 
great accuracy, but their field of view is too narrow to take in the details of 
larger structures. Thus there is a gap in the means of enquiry, and it is re¬ 
markable how consistently the particular deficiency has inconvenient results. 
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Magnitudes of tliis order occur for example in the metallurgical field. 
Their importance is more obvious now that the structures of metals and 
their alloys are better known. The X-ray methods determine with accuracy 
the details of the crystal structure of iron and its alloys, but such informa¬ 
tion is insufficient for a prediction of the behaviour of a specimen of steel. 
As Smekal has observed there are certatu properties which are clearly 
connected with structure, and are “insensitive” to any treatments to which 
the steel has been submitted in its previous history. But there are other 
properties, to be described as “ sensitive ”, which can be modified profoundly 
by treatment, such as tensile strength, plasticity, and hardness as well as 
electrical and magnetic properties, and these are most important qualities 
in practice. Long ago the microscope showed the metal to be an assemblage 
of grains; and the conditions of the assemblage are clearly connected with 
the “sensitive” properties. But the exact details of the connexion are 
difficult to investigate because they fall within the region in which direct 
illumination fails. Metallurgical theory hovers continually over the idea 
that a metal or an alloy contains minute groups of atoms or is even a 
compound of such groups which may be called crystallites since the arrange¬ 
ment of the atoms within each one is perfectly regular. The X-ray diffraction 
is regular and the lines of a “powder diagram” are clear and sharp. Thus 
Gough and Wood in their examination of the fatigue of metals due to the 
cyclic repetition—sometimes to millions of times—of an imposed stress, 
found that the visible grains gradually broke up to an extent which in any 
one experiment depended on the magnitude of the stress. IVacture in any 
one region occurred when the break up into crystallites was complete. It 
did not imply the disruption of atom from atom resulting in complete 
disarray, but merely a separation into minute crystals the magnitudes of 
which were arranged more or less closely about some average. This was 
shown by the form of the X-ray photo^aph. A definite stage had been 
reached in the break up of the material. The existence of such an average 
would imply that the dimensions of the crystallite are in some way referable 
to numerical relations between the form or dimensions of the atoms of the 
metal: analogous to but far more complicated than the foirmation of the 
benzene ring of definite form and size from atoms of carbon each of which 
has tetrahedral qualities. 

The discussion as to the specific existence, nature and effect of crystallites 
has been conducted with great eagerness, very much research on the mosaic 
structure of crystals in general has been undertaken, and several interesting 
theories have been put forward. At first theories were suggested which 
would have provided a super lattice, consisting of a regular arrangement 
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of crystallites, even in the case of a pure metal. But this suggestion could 
not be maintained, as it evolved a second linear dimension out of a first. 
Buerger has suggested that the grain-like structure of a metal is due to 
conditions of growth, various crystalline processes meeting and joining 
together in irregular fashion during the formation of the whole mass. This 
however would lead to a casual formation which does not seem to be in 
accord with metallurgical experiment. G. I. Taylor’s ingenious theory of 
the hardening of a metal by working requires the existence of crystallites 
of some form. The whole question is stiU obscure, yet it is extremely im¬ 
portant because the properties of metals and alloys depend to a large extent 
on the gra,in-like structure which they possess. Whether so-called “ crystal¬ 
lites ’ ’ are formed under some law goveiming their size or are merely accidental 
assemblages, they are a centre of interest in the examination of metallic 
properties. 

Similar conditions prevail in other cases where the behaviour of materials 
is under consideration. In April of this year the International Association 
for the Testing of Materials met in London. It was attended by about 
800 persons, many of whom had come firom abroad. The subjects dealt 
with centred round the use of materials for every kind of engineering 
design and every kind of manufacture. Under cover of a conference 
on testing it drew together an imposing assemblage of men engaged in 
the constructive work of the world. In any constructive work the testing 
of the material must be a decisive factor in making the design and in 
building to it. The design of the test itself requires the most careful con¬ 
sideration, because it is always a compromise between what is possible and 
what is practicable. Knowledge of what is possible depends on scientific 
research and is related to scientific problems of the greatest interest and 
the most varied nature. Knowledge of what is practicable is related to 
other interests but is also founded to a large extent on scientific research. 
Thus the work of the conference was closely connected with pure scientific 
research, depending on results already obtained and suggesting numerous 
opportunities for the incre^e of knowledge. 

It was remarkable that in the case of one material after another the 
discussion drew attention to the importance of grain-like structure, and 
showed that the “ grain”, if I may extend the word widely from its general 
use in metallurgy, was the object of attack. Thus in the vast variety of 
fibrous materials, the fibre corresponds to the metal grain, and its study is 
quite as interesting and important. In all colloidal problems the condition 
and properties of the minute particle are fundamental. In materials derived 
firom living organisms, the cell and its parts are the centre of interest and 
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of couirse somewhere in the region of which I am speaking are the outposts 
of life itself. Even in dielectrics and lubricants, the groupings of atoms and 
molecules determine the general behaviour. 

Moreover, a very considerable change in the use of materials for con¬ 
struction has come about in recent years in consequence of the fact that 
the gradual changes due to time have become really important. The so-called 
“ creep ” of materials is now one of the chief pre-occupations of the engineer. 
Its new importance is due to two causes. In the first place the development 
of machinery has necessitated more perfect fitting, and less allowance for 
clearance than was at one time the case, as for example in modem turbines 
and internal combustion engines. In such fine adjustments a creep of one 
part in a thousand is a very serious matter. In the second place the working 
temperatures have been greatly increased, and creep is thereby encouraged. 
There is no doubt that in any specimen but a perfect crystal slow changes 
take place continuously. At every moment molecules are being helped 
over the barriers which have kept them from positions of greater equi¬ 
librium. In this way new crystallizations are set up, or older crystallizations 
extended. Strain may encourage transfer from one position to another. 
One might almost say that every portion of a solid is a liquid for a certain 
fraction of its time, and that the atoms in that portion are capable of a 
movement which is restricted and guided by the stabilizing action of their 
surroundings. 

The laws which govern these movements are very complicated, and 
detailed knowledge is scanty though badly wanted. Thus according to 
Dr. Bailey, a pioneer in these matters, the addition of 1 % chromium to a 
0-5 % molybdenum steel increases its initial resistance to creep below a 
certain temperature and lessens it above. It is probable that the addition 
of chromium atoms locks the grain structure so long as they stay where 
they are: but heat facilitates their moving, all the more readily because 
the complicated alloy has the looser structure. Once they have moved the 
material would be better without them. But such a rough explanation 
would be well set aside for a detailed knowledge of the processes involved. 
Here are very interesting problems of physics and chemistry. 

The careful examination of a visible cellulose fibre shows, it is said by 
some, that it is built up of lesser fibres, fibriUae or fibrils which again consist 
of ellipsoidal objects of dimensions roughly 1-5 and 1-1 fi. Each such object 
may contain many millions of cellulose chains, but very little is known of 
the structure of the contents or of the sheath that encloses them and seems 
to be the source of their characteristic influence. Chemical analysis and 
X-ray examination give a satisfactory picture of the cellulose cham-hke 
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molecule, and some information also of the details of the molecular assem¬ 
blages. But information is wanted respecting the larger groups and the 
fibril formation on which the fibre properties obviously depend. If the 
fibre belongs to a living organism, change with time may be synonymous 
with growth. If the fibre is an element of some material in use, it is still 
subject to change which may seriously affect its quality. 

Caiange may be external or internal. The slow rearrangements of re¬ 
crystallization or devitrification are due to internal forces: but surface 
changes due to reactions with surrounding atoms such as corrosion or 
hydration may also affect behaviour. Naturally such surface changes are 
the more important the smaller the particle of the substance, as the ooUoid 
chemist points out. Thus, for example, it is a much discussed question as 
to how clay holds the water that is associated with it. The X-ray analysis 
supplies a very reasonable picture of the clay crystal; the positions of the 
atoms of oxygen, silicon, aluminium, magnesium, iron and the rest are 
known with considerable accuracy. But the remarkable properties of clay 
are dependent on the behaviour of the larger flake-like assemblages of 
coUoidal dimensions, which lie between the direct observation of the X-ray 
methods and those of the microscope. 

In dielectrics the slow changes of time bring about rearrangements, 
hastened by the electrical tensions to which the material is subjected. The 
electrical forces look for the weakest point for a break-through, just as a 
stress discovers the weakest point of a chain or any member of a structure. 
Changes are therefore important. One would wish that a structure was like 
the “Deacon’s shay” which was so designed that every part was as strong 
as every other so that when the shay came to its end, it became a heap of 
dust upon the road. Unfortunately that is not the case with any material 
in use: and whatever its structure an equal balancing is apt to be destroyed 
by changes in its grain-Mke condition. 

Perhaps the structrae of the huge protein molecules may suggest a way 
of closing the gap in our knowledge and our means of enquiry. It is a very 
striking fact that their magnitudes tend definitely to group themselves 
about certain values, which moreover are simply related to one another. 
They are not mere groups of atoms thrown together without design. Their 
definite formation implies obedience to rules which must be in force at the 
beginning of the assembling, and are in force until an unavoidable result 
is reached. This would mean, as indeed a vast number of observations 
already imply, that the junction of carbon atoms is governed by strict 
geometrical laws of distance and orientation. It has indeed been pointed 
out by Dr. Wrinch and others that the long chains consisting of two carbons 
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and one nitrogen in regular succession can be formed, under the guidance 
of the rules mentioned, into space-enclosing sheets presenting an external 
appearance of linked hexagons, and the number of sizes to which these 
assemblages can attain is limited. Possibly we have here an example of a 
form of procedure from the groupings of a few atoms to the larger assem¬ 
blages of thousands, the process depending on a certain obedience to laws 
of building which have been shown to hold in the simpler case. We are 
encouraged to hope that this may be so, by the unexpected strictness and 
definiteness of the building rules in the cases which fall within the scope of 
the X-ray methods. 

The constitution of the solid body is being examined now as it has never 
been possible to examine it before. We are not surprised that it is found to 
possess a grain-Hke stiructure, nor that this structure is of first rate im¬ 
portance. It is not only of interest from the purely scienti&c point of view, 
but it tmms out to be of fundamental importance to all the constructive 
work of industry and to all the examinations of living constructions within 
the domain of biology. In the effort to know its details and to understand 
their significance a host of interesting scientific enquiries make their ap¬ 
pearance, so that industry and science more than ever play into each other’s 
hands. It is certainly to be expected that from these tempting labours there 
will result much improvement of natural knowledge. 


Awards of Medals, 1937 

Sir Hbnby Dale is awarded the Copley Medal. His most important 
contributions to physiology and pharmacology lie in two different but 
closely related fields: (1) the isolation of certain chemical substances, 
notably histamine and acetylcholine, from animal tissues, and (2) the 
discovery of the part played by these in a large number of important 
physiological and pathological processes. 

His earlier work (1906-11) on the active principles of ergot led to progress 
in many allied subjects. The study of histamine, isolated from ergot extract 
and later found as a normal constituent of certain tissues, has modified 
profotmdly our views of the capillary circulation and of the conditions known 
as “woundshock” and “anaphylactic shock”. In 1914 he became interested 
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in the choline estera and with extraordinary prescience singled out acetyl¬ 
choline as the most interesting member of the series and pointed out the 
extreme likeness of its action to that of stimulating the parasympathetic. 

In 1924 Loewi demonstrated that a substance indistinguishable from 
acetylcholine is liberated by the heart when the vagus nerve is stimulated. 
The researches of others, prominently among them Dale himself and his 
colleagues, have since shown that acetylcholine is liberated at many other 
junctions between conducting tissues, and the results with acetylcholine 
and adrenaline are embodied m the description of nerves as “adrenergic” 
and “cholinergic”. Recently convincing evidence has been given by IDale 
and his collaborators that acetylcholine plays an important, possibly an 
essential, role in the transmission of impulse from nerve to voluntary muscle; 
a discovery which has direct practical bearings on muscular fatigue and in 
various pathological conditions, and also is of the greatest interest m the 
theory of the mechanism of the nervous and neuro-muscular systems. 

As Director of the National Institute for Medical Research, Dale has 
inspired and directed a wide variety of investigatiosos outside his special 
field, and numerous investigators firom many countries have worked under 
his guidance. 

A Royal Medal is awarded to Professor Nbvil Vinoent Sidgwiok. 
He has always been primarily interested in the causes which determine 
molecular structure, and his earlier experimental work chiefly dealt with 
such subjects as tautomerism, and the vapour pressures, boiling-points and 
solubilities of isomerides. The development of the conception of the nuclear 
atom, more particularly by Bohr and Moseley, made possible for the first 
time a quantitative treatment of chemical valency other than purely formal, 
and the first steps in this ddreotion were taken by Langmuir, G. N. Lewis 
and Kossel during, or just after, the war. Others followed with theoretical 
or physical extensions. 

Sidgwick’s post-war experimental work has all been concerned with parti¬ 
cular problems of structure, utilizing to the full available physical methods 
of attack. To take a few examples, he has shown the existence of co-ordina¬ 
tion compounds of the alkali metals, and has demonstrated the co-ordinating 
properties of the hydrogen atom. In particular, it was he who distinguished 
clearly the existence of a third and very important type of chemical binding, 
tne so-called co-ordinated covalent link. 

published “The Electronic Theory of Valency ”, in which, for 
tbe first time, the most diverse structural phenomena covering the whole 
field of chemistry were rationally systematized. The book met with im- 
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mediate and enthusiastic acceptance in all quarters. In 1928, he played 
a leading part at a conference held at Munich to discuss chemical binding 
in its relation to atomic structure. In 1931, he lectured in the United 
States of America. His second book, ^‘The Covalent Link in Chemistry”, 
which appeared in 1933, is based on the course then given and, like the 
first, has proved effective and stimulating to a high degree. In late years 
he has continued his work of fruitful interpretation in a series of remark¬ 
able contributions made to the Annual Reports of the Chemical Society, 
and in his recent Presidential Addresses to the same Society on the subject 
of Resonance Phenomena in Chemistry. 

A Royal Medal is awarded to Dr, Arthur Henry Reginald Buller. 
He was Professor of Botany in the University of Manitoba jfrom 1904 to 1936. 
His original contributions to science are mainly in the field of Mycology 
and have been published in his Researches on Fungi. Six volumes of these 
researches have appeared, the first in 1909, the sixth in 1934, and he is now 
engaged in the preparation of further volumes. 

These researches fall into two groups. The first comprises studies on the 
morphology, biophysics and physiology of the higher fungi, including the 
physiology of the mycelium and the organs produced on it, and especially 
of the production and liberation of spores. The second group deals with sex 
in the higher fungi, and his studies on this subject rank among the most 
important that have been made. Particular mention should be made of his 
observations on the process of diploidization in the higher fungi, and of the 
discovery, in conjunction with his student Craigie, of heterothallism in the 
rusts. This work has revolutionized our conception of the life cycle of 
these forms. Buller’s studies have not been confined to one group of fungi, 
but include researches on Discomycetes and many groups of the Eu- 
Basidiomycetes, as well as on rusts and smuts. Reference should also be 
made to his “Essays on Wheat” and to his efforts which made possible 
the publication of the translation by his friend W, B. Grove of the monu¬ 
mental “Selecta Carpologia Pungorum” of the brothers Tulasne. 

During his thirty-two years of occupation of the chair of Botany at 
Winnipeg, he has been a leading figure in Canadian botany, and was Presi¬ 
dent of the Royal Society of Canada in 1927 and 1928. Since his retirement 
he has continued his researches in this country. ' 


The Davy Medal is awarded to Professor Hans Fisoheb. During the 
past twenty-five years he has been continuously engaged in the study of 
the chemistry ofthe porphyrins, the bile pigment and chlorophyll. Starting 
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from the knowledge that the porphyrin molecule was built up of pyrrole 
nuclei, variously substituted in the different porphyrins, Fischer developed 
controlled methods of degradation which extended the possibility of the 
identification of the pyrroles contained in any given porphyrin. 

With the accurate information acquired in this manner as a basis Fischer 
proceeded, by bold and original S 3 nithetic work, artificially to prepare a 
large number of porphyrins of known structure, many of which proved to 
be closely related to or identical with natural products; his crowning achieve¬ 
ment in this field was the synthesis of protoporphyrin, which, with iron, 
yielded haematin identical with that derivable from blood haemoglobin. 

From the porphyrins Fischer turned his attention to the bile pigments 
and was able to explain the fundamental chemical features of their relation¬ 
ship to haemoglobin, thus paving the way for the biochemical work which 
is now proceeding in other laboratories and which promises to explain the 
actual mechanism of bile pigment formation in the body. 

In recent years Fischer has applied his brilliant synthetic technique with 
outstanding success to the elucidation of the detailed structpre of chloro¬ 
phyll; his work in this field continues at the present time. 

The Buchanan Medal is awarded to General Fbbdeeiok Fullee 
Russell. He graduated from Columbia College of Physicians and Surgeons 
in 1893, and began his career as a member of the Medical Corps, U.S. Army, 
in 1898, advancing through the various grades to that of colonel in 1917. 
He resigned in 1920. He was curator of the Army Medical Museum, 
Washington, D.C., from 1907 to 1913, and also instructor in bacteriology 
and clinical microscopy at the Army Medical School, where he performed 
distinguished service in developing and producing the typhoid vaccine 
which the Army has used with great effectiveness since that time. He was 
professor of pathology and bacteriology at George Washington University 
School of Medicine from 1909 to 1913 and for the following year lecturer 
in tropical medicine at the New York Post-Graduate Medical School and 
Hospital. From 1916 to 1917 General Russell was chief of the Board of 
Health laboratory in Ancon, O.Z., and during the world war was in charge 
of the division of infectious diseases and of the laboratory service of the 
surgeon-general’s oj0&ce, U.S. Army. From 1920 to 1923 he was director of 
the pubhc health laboratory service of the International Health Board and 
from 1923 to September 1, 1935 he was general director of the Board. In 
1919 he received the Distinguished Service Medal. Recently he was ap¬ 
pointed lecturer on preventive medicine and hygiene and epidemiology at 
Harvard Medical School, Boston. 
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It was during the period while General Russell was director of the Inter¬ 
national Health Division of the Rockefeller Foundation that the Foundation 
gave such material aid towards the establishment of schools of hygiene in 
various European countries. They also contributed largely to the All India 
Institute of Hygiene in Calcutta and to the Singapore Medical School. 
General Russell was also responsible for establishing the yellow fever unit 
in West Africa. Large grants were given to the Health Section of the League 
of Nations, and the fellowship scheme under the International Health 
Division was considerably extended. The policy of the Foundation in these 
matters was moulded in no small degree by General Russell, whose influence 
on the development of public health services all over the world has been 
altogether remarkable. 

The Sylvester Medal is awarded to Professor AtraxjSTUS Edward 
Hough Love. He is most generally known as the author of the ^‘Treatise 
on the Mathematical Theory of Elasticity’’ which has attained a universal 
reputation and remains the standard work of reference on this subject aU 
over the world. 

Before the first edition of the treatise was published in 1893 (almost 
simultaneously with the completion of the publication of Todhunter and 
Pearson’s History of Elasticity), this branch of mathematical physios re¬ 
ceived little attention and its results were often regarded by engineers with 
suspicion. During the intervening years it has gradually established itself 
as one of the most reliable mathematical theories of continuous media and, 
unlike its sister science of non-viscous hydrodynamics, its results have been 
increasingly verified in practice. That this has come about is due in great 
part to the influence of Love’s ‘‘Treatise”, which, indeed, like Lamb’s 
“Hydrodynamics”, is far more than a mere treatise and embodies a vast 
amount of original work. 

In other of his published work there is a great volume of research 
dealing not only with elasticity, but with'hydrodynamics and electro¬ 
magnetism. His earlier work was mostly on hydrodynamics, particularly 
vortex motion and wave-motion. He returned also at various times to 
electrical problems, especially those relating to the propagation, scattering 
and transmission of electric waves. His elastical investigations range over 
an exceedingly wide field, from the equilibrium of beams and plates of 
various shapes to the study of vibrations in a variety of difificult cases and 
to the applications of the theory of elasticity to problems connected with 
the Earth. 

An enumeration of Love’s researches, even when restricted to the more 
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important ones, would be too long to attempt in this brief account; but two 
of them may be explicitly mentioned. 

The first of these is the powerful and elegant theory of the support of the 
continents, of earth-tides and seismic waves and of the elastic stability of 
the earth, developed in his Adams Prize Essay of 1911, ‘‘Some Problems 
of Geodynamics”, where appears for the first time his explanation of the 
seismic waves vibrating horizontally and transversely to the direction of 
propagation, waves to which Love’s name is now universally attached. 

The second is the remarkable paper on biharmonic analysis in a rectangle, 
published in the Proceedings of the London Mathematical Society in 1929. 
In this paper Love gives a complete solution of the biharmonic equation 
subject to given boundary conditions over the perimeter of a rectangle, 
thus solving at any rate the two-dimensional form of a problem which was 
described by Lam6 as “le plus difficile peut-etre de la th6orie de r61asticit6 ”, 
and had till then baffled mathematicians. 

The Hughes Medau is awarded to Professor Erhest 0. Lawrence, 
Professor of Physics in the University of California, the inventor (1932) of 
the cyclotron, the most important instrument of physical research since the 
C. T. R. Wilson expansion chamber. By its means ions are accelerated in 
a magnetic field and move within two half-cylinders which change electrical 
polarity in rhythm with the circulating ions, so that deuterons have been 
spirally speeded in a vacuum to velocities due to three million volts. 
These deuterons, impinging on beryllium, have produced neutrons and 
protons in great number, and some of the protons have been projected 
through the equivalent of forty centimetres of air. Many elements have 
been proved to be radioactive when thus bombarded by high-speed protons 
or deuterons. 

Hydrogen molecular ions have been used also as bombarding elements 
with velocities due to five million volts. Such high-speed ions are available 
for developing the theory and practice of atomic disintegration, and 
Professor Lawrence and his co-workers are playing a leading part in this 
development. 
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In a previous paper (KeiHn and Hartree 1936) it was shown that catalase 
combines reversibly not only with KCN and HgS as was shown by Zeile and 
Hellstrom (1930) or with C 2 H 5 OOH (Stern 1936) but also with NaNg, 
NH 2 OH, N 2 H 4 , NaF and NO, giving corresponding spectroscopically well- 
defined compounds. 

In this respect and in the general pattern of the absorption spectrum, 
catalase shows a striking resemblance to acid methaemoglobin. It diJBfers, 
however, from the latter in three important properties, namely: 

1 — Its catalytic activity is at least 1 , 000,000 times greater than that of 
methaemoglobin. 

2 — Its iron does not undergo reduction in presence of NagSgO^, which 
rapidly reduces methaemoglobin to haemoglobin. 

3 — Its absorption spectrum is not affected by the addition of HgOg which 
undergoes an instantaneous, almost explosive,decomposition, while with 
methaemoglobin it forms a well-defined compound (Keilin and Hartree 
1935)* 

Of the compounds which react with catalase, sodium azide (NaNg) and 
hydroxylamine are of special interest. They strongly inhibit the catalytic 
activity of the enzyme but do not appreciably change its colour or the 
general pattern of its absorption spectrum. The formation of these com¬ 
pounds is only recognized by changes in the position and intensity of some 
of the bands. However, on addition of traces of HgOg to azide- or hydroxyl- 
amine-catalase, the colour of the solution turns from greenish-brown to red 
and the three-banded methaemoglobin-like absorption spectrum is re¬ 
placed by two strong bands at 590 and 554 m/ 6 . This compound combines 
reversibly with CO, giving a derivative with the bands at 580 and 545 m/ 6 , 
and reverts to the original azide-catalase only in presence of molecular 
oxygen, which shows that its iron is in the divalent state. 
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It was shown previously (Keilin and Hartree 1936 ) reduced 

compounds, although autoxidizable, are not oxidized by K 3 Fe(CN )0 in 
complete absence of oxygen. This point seemed at first to contradict the 
evidence that the iron of azide- or hydroxylamine-catalase was actually 
reduced by peroxide. It was found, however, that these derivatives of 
catalase can be reoxidized to the initial ferric compounds by some other 
oxidizing agents such as ELMnO^, OUCI 2 , somewhat more slowly by MnO^ 
and very slowly by HgCl 2 . It can be considered therefore as adequately 
demonstrated that azide- and hydroxylamine-catalase are reduced by H 2 O 2 
and reoxidized by molecular oxygen. 

This property of azide-catalase makes it an excellent if not unique 
reagent for the detection of H 2 O 2 where no other reagent can be used, for 
instance, during the aerobic oxidation of sodium hyposulphite (Na 2 S 204 )* 
to sodium bisulphite. These experiments with azide- and hydroxylamine- 
catalase suggest that the normal catalytic activity of catalase is also accom¬ 
panied by a similar change of valency of its iron, or in other words, the 
catalytic decomposition of HgOg is brought about by the successive re¬ 
duction of the catalase iron by H 2 O 2 and its reoxidation by O 2 according to 
the equations (1) and ( 2 ), the sum of which (equation (3)) is the catalytic 
decomposition of H 2 O 2 into molecular oxygen and water. This reversible 

4Fe- -I-2H2O2 - 4Fe- -H 2O2 (1) 

4Fe*- + 4H' -f- O 2 = 4Fe- -f 2 H 2 O (2) 

2 H 2 O 2 - 2 H 2 O 4 -O 2 (3) 

reduction is analogous to the reaction between ferric chloride and hydrogen 
peroxide, whereby the ferric ion is reduced and in the presence of aa'- 
dipyridyl gives rise to a pink compound. If the ferrous ion is not so fixed 
it becomes oxidized by molecular oxygen and all the peroxide is eventually 
decomposed. 

The problem that arises now is whether the mechanism of the catalase 
reaction as shown in the above equations can be demonstrated experi¬ 
mentally. ‘ 

As we have previously shown, the formation of an intermediate compound 
cannot be demonstrated spectroscopically, which indicates that the life of 
this compound is extremely short. Moreover, the main requirement for 
spectroscopic investigation is a very high concentration of enzyme, which 

* In accordance with the recommendation of the International Union of Chemistry, 
we shall in future use the term “hyposulphite” in place of the original but mis¬ 
leading “hydrosifiphite”, when referring to Na 2 S 204 (Smith 1936 ). 
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in itself is particularly unfavourable for the detection of an intermediate 
compound. 

On the other hand, if the catalytic decomposition of HgOg requires the 
presence of molecular oxygen (as shown in equation (2)) for the reoxidation 
of the reduced compound, the reaction should be inhibited if the concen¬ 
tration of oxygen in the surrounding medium could be made sufficiently 
low. This can be achieved by having the reaction carried out with a very low 
concentration of catalase, which is possible owing to the very high activity 
of the enzyme. The volume of oxygen produced in this case by the direct 
reduction of catalase (equation (1)) would naturally be very small. If at the 
same time the reaction is carried out in an atmosphere of pure nitrogen and 
with vigorous shaking, in order to bring the greater part of this oxygen as 
rapidly as possible into the gas phase, the reaction (2) should be greatly 
slowed down and the catalase reaction thus inhibited. In fact, by carrying 
out experiments in pure H 2 or CO 2 , and under conditions where there is 
no spontaneous decomposition of H 2 O 2 due to shaking in an insufficiently 
cleaned glass vessel or to the presence of catalytic impurities, it has been 
found possible to inhibit the catalase reaction by as much as 99%. 


Material akb methods 

Catalase preparation —Catalase used in this investigation was prepared from horse 
liver by the method previously described for the preparation (Keilin and Hartree 
1936). This preparation contained varying amounts of a yellow-brown pigment 
with a general absorption towards the blue end of the spectrum. By a few slight 
modifications of the method, catalase solutions were obtained which were com¬ 
pletely free from this pigment. These modifications can be summarized as follows: 

1— ^The liver is preferably kept for 1 day or more at —10® C. before mincing. 

2— ^Minced liver is extracted for 24 hr. at room temperature, instead of 2 hr. 

3— -Instead of ultrafiltration, the elution from the calcium phosphate is treated 
with ammonium sulphate (450 g./l.)» filtered, the precipitate suspended in water and 
electrodialysed until completely free from sulphate. 

This method gives a distinctly greenish preparation (D) which differs from A3 
in being free from labile non-haematin iron. Unlike A3 this preparation ^ves no 
change in colour on addition of Na2S204 and aa'-dipyridyl or on treatment with II2S. 
The ratio between total and haematin iron in this preparation is about 1*2, while 
that in fresh preparatioirs of A® may be as high as 20. In other properties this 
preparation of catalase differs very little from A3. 

Calcium phosphate —^The calcium phosphate used during the preparation of cata¬ 
lase was prepared as follows: 160 c.c. calcium chloride solution (132 g. CaCl2.6H2O per 
litre) is diluted to about 1600 c.c. with tap water and shaken, with 160 c.c. trisodium 
phosphate solution (152 g. ]Sra3P04.12H2O per litre). The mixture is brought to 
pH 7*4 with dilute acetic acid and the precipitate washed toee or four times by 
decantation with large volmnes of water (15—20 L). The precipitate is finally washed 
with distilled water in a centrifuge. 9*1 g. calcium phosphate is obtained. 
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Expebimbntal conditions 

The experiments are carried out at room temperature in Barcroft differ¬ 
ential manometers. The left-hand flask receives 3'3 c.c. of phosphate solu¬ 
tion, as under the conditions which will now be specifled, the decomposition 
of H 2 O 2 in absence of catalase is negligible. The right-hand flask receives 
about 1 c.c. of dilute catalase solution in glass distilled water, containing 
between 10 “* and 10~®7 haematin and is made up to 3 c.c. with MjZO 
phosphate solution of pH 6-8 or simply MjZO acid phosphate. This flask 
contains also a dangling tube which receives 0-3 c.c. of 0-3 % H 2 O 2 . The 
flasks are evacuated and washed out several times with purified nitrogen 
and after equilibration of the temperature the taps of the manometer are 
closed, the manometer is read, the dangling tube is rapidly dislodged, 
mixing its content with that of the flask, and the manometers are rapidly 
shaken and read every minute. 

In order to obtain clear and repeatable results the experiments must be 
carried out under weH-deflmed conditions which can be summarized as 
follows: 

1 — ^The flasks, dangling tubes and aU other apparatus must be carefully 
cleaned with chromic-sulphuric acid, thoroughly rinsed in tap water and in 
glass distilled water. 

2 — The dangling tubes, which receive H 2 O 2 , are 14 mm. long and 7 mm. 
in diameter, which latter dimension ensures rapid and complete mixing of 
its contents with that of the flask. 

3— ^H 202 used for the experiments is Merck perhydrol diluted 100 times 
with glass distilled water. 

4— The amount of freshly diluted catalase used for each set of experi¬ 
ments must be finally fixed by preliminary experiments in order to give a 
rate of oxygen evolution not higher than 40 c.mm./min. 

5— Phosphate buffer solutions are prepared from pure analytical reagents 
(KH 2 PO 4 and Na 2 HP 04 ) dissolved in glass distilled water. 

6 — The manometers, after mixing enzyme and substrate, are shaken at 
a rate of about 200 times per minute. 

7— The nitrogen from a cylinder must be purified over hot copper. 


Resttlts of the expbkimbnts 

The results of these experiments which are summarized in fig. 1 and 
Table I clearly demonstrate that the removal of oxygen inhibits the catalytic 
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activity of the enzyme dissolved in acid phosphate solution by 88-99%. 
For all practical purposes, we can say that in complete absence of molecular 
oxygen the catalytic activity of the enzyme is completely abolished. In 
fact, a very slight activity shown in these experiments is due only to traces 
of oxygen which are still present in the surrounding medium. Moreover, 
the incomplete inhibition (40-70 %) of the same reaction at 6-8 is due 
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Fig. 1—Effect of pure Ng on the decomposition of HgOa by a purified catalase pre¬ 
paration: Catalase D (diluted to approximately 10 “® M with respect to haematin); 
0*3 c.c. 0*3 % HjOg; 0*03M phosphate buffer; 37= 19° C. 


Table I 




O 2 evolved 

c.mm./min. 

% inhibition 

Exp. 

Phosphate 


'-, 

due to absence 

no. 

Catalase buffer 

InNg 

In air 

of O 2 

1 

Ag pH 6*8 

17 

29 

41 

2 

Ag pH 6*8 

6*5 

16*5 

61 

3 

Ag pH 6*8 

18 

42 

57 

4 

Ag pH 6*8 

3*5 

11 

68 

5 

Ag KHgPO^ 

0*3 

13 

98 

6 

Ag KHgPO^ 

0*5 

14*5 

97 

7 

D KHgPO^ 

0*6 

8 

94 

8 

D KHgPO^ 

0-3 

16*5 

99 

9 

D KH 2 PO 4 

0*7 

6 

88 

10 

E KH 2 PO 4 

5*0 

17 

71 

11 

F KH 2 PO 4 

3*0 

32 

91 


Ag and D, catalase preparations previously described; B, crude extract of ger¬ 
minating cucximber seeds; F, crude liver extract. 
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to a slight non-enzymic decomposition of H 2 O 2 (16 c.mm. 02 /hr.) sufficient 
for a partial activity of the enzyme. A similar effect is noticeable in the case 
of preparation E, where catalytic impurities are present. 


Effect of caebon monoxide 

It was demonstrated spectroscopically that azide-catalase reduced by 
H 2 O 2 combines with CO and it was shown manometrically that the decom¬ 
position of H 2 O 2 by catalase is accompanied by the reduction of its iron. 
These results suggest the possibility that CO may act as inhibitor of the 
normal catalytic reaction. 

Califano (1934), using a manometric method, claimed that the decom¬ 
position of H 2 O 2 by catalase in CO was strongly inhibited when compared 
with the reaction taking place in Ng and that this inhibition was much 
reduced or completely abolished by light. These results, however, were not 
confirmed by other authors. 

Our restdts with the reaction carried out in purified N 2 indicate the 
possibility of some confusion in the work of previous authors. In fact, 
inhibition by CO may be due either to the absence of O 2 , CO acting only as 
an inert gas, or to its combination with the divalent iron of reduced catalase. 
Thus, the former inhibition would occur only in purified CO and would not 
be reversed by light, whereas the latter would occur in a CO : O 2 mixture 
and would be affected by fight. We have now shown that under conditions 
where purified Nj strongly, if not completely, inhibits the catalase reaction, 
purified CO exerts a similar non light-sensitive eflfect (Table II). 


Table II 


Exp. 


no. 

Catalase 

Buffer 

1 

A 3 

KH2PO4 

2 

D 

KH2PO4 

3 

From blood 

KH2PO4 

4 

From blood 

KH2PO4 


O 2 evolved c.nam./min. 

,-'- 

CO (light) CO (dark) Air 


0 0 22 

0 1 14 

0 0 13 

- 0 14 


In these experiments the inhibition due to the absence of oxygen is even 
greater than in the previous experiments using pure nitrogen. It can be 
supposed that, in absence of oxygen, there is no competition for the reduced 
catalase and consequently the complete inhibition observed is the sum of 
the “nitrogen effect” and a “CO effect”. On the other hand, the experi¬ 
ments carried out in non-purified CO containing about 0-3% Oj, or in a gas 



Decomposition of Hydrogen Peroxide 403 

mixture CO : O 2 = 4 : 1, using the reaction in air as a standard, did not give 
consistent results. It can be stated however that the purest samples of 
catalase are not inhibited by CO in the dark in presence of a a-ma.n concen¬ 
tration of Og. This shows that the reduced catalase has a much greater 
affinity for oxygen than for CO. 

However, during the preparation of catalase A 3 , fractions have frequently 
been obtained showing a variable but very distinct light sensitive inhibition 
by CO (Table III). Unfortunately, such preparations could not be obtained 
at will and the sensitivity of the catalase to CO in such preparations was 
probably due to some impurities affecting the relative affinities of the re¬ 
duced catalase for -CO and Og. This supposition is supported by the fact 
that in some crude liver extracts CO inhibits the catal 3 rtie reaction by 
40-50% (F, Table III). 

Tabue III 

c.mm. O 2 evolved per min. 

Exp. / ^ .. ■» 


no. 

Catalase 

Buffer 

CO.L. 

CO.D. 

00/02 = 4 

Air 

1 

Ag 

KHgP04 

— 

— 

8 

16 

2 

A3 

KH2PO4 

— 

— 

12 

13 

3 

Ag 

KHgP04 

— 

— 

5*5 

9 

4 

Ag 

KHgP04 

14 

6 

— 

11 

5 

Ag 

KHgP04 

10 

6 

— 

11 

6 

Ag 

KHgP04 

25 

16 

— 

26 

7 

E 

KHgP04 

— 

— 

12-6 

17 

8 

F 

KHgP04 

— 

— 

14 

26 


CO.L. and CO.D. non-purified CO containing about 0*3 % Og in light and dark; 
E, crude extract of germinating cucumber seeds; F, crude extract of horse liver. 

Moreover, preparations of catalase D, which are never affected by CO, 
can be made sensitive to this gas in the dark by adding traces of various 
substances such as sodium azide, cysteine and glutathione. The inhibition 
of the catalase reaction produced by CO under these conditions is com¬ 
pletely reversible in light (figs. 2, 3). 

The radiation used in these experiments was the visible region of a 
mercury-vapour lamp, which was shown to be without^ffect on the catalase 
reaction in gases other than CO. 


Summary and conclusions 

1 —A new explanation of the mechanism of the decomposition of H 2 O 2 by 
catalase is proposed. According to this explanation the reaction is brought 
about by the successive reduction of the catalase iron by H 2 O 2 and its 
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Fra. 2—Effect of CO in dark and light on oatalaee D (approx. 10-»M haematin) 
in presence of 10-«M glutathione and 10-‘M cysteine; 0-03M KHjPO*; 1'= 19“ C. 



Fig. 3 Effect of CO in dark and light on catalase D (10-»M haematin) in presence 

of sodium azide (lO-’M); 0-03M KHjPO*; 2’= 19“ C. 



Decomposition of Hydrogen Peroxide 405 

reoxidation by molecular oxygen; the reaction proceeding according to the 
following equations: 

4Fe- ■ • + 2 H 2 O 2 = 4Fe- * + 4H- + 20^ 

4Pe- • + 4H* + O 2 = 4Pe- * * + 


2H2O2 — 2H2O + O2 

2 — This explanation is supported by the following experiments: 

a —It has been shown manometrically that the decomposition of H 2 O 2 by 
catalase does not proceed in absence of molecular oxygen. 

h —It has been shown spectroscopically with azide- and hydroxylamine- 
catalase that H 2 O 2 is the only known substance capable of reducing catalase 
iron, which can then be readily reoxidized by molecular oxygen. 

3— The inhibitors of catalase can be separated into two groups, those 
like KCN, H 2 S, C 2 H 5 OOH which inhibit the reduction of catalase iron by 
H 2 O 2 and those like azide, hydroxylamine and hydrazine which inhibit the 
reoxidation of the reduced catalase by molecular oxygen (Keilin and 
Hartree, 1936). 

4— The decomposition of H 2 O 2 by pure catalase preparations is not 
inhibited by 00 in presence of even a very small concentration of oxygen, 
which shows that the reduced catalase has a much greater afl&nity for 
oxygen than for CO. 

5— Some catalase preparations have been obtained which show a more 
or less marked light sensitive inhibition by CO. Pure catalase preparations 
become sensitive to CO in presence of a very small concentration of azide, 
cysteine or glutathione, substances which apparently inhibit the reoxida¬ 
tion of reduced catalase. 
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The Monaural Threshold: Effect of a Subliminal, 
Contralateral Stimulus 

By J. W. Hughes, B.So. 

From the Physiology Institute, Cardiff 

{Communicated by T, Graham Brown, FM.8.—Received 26 May 1937— 
Revised 10 November 1937) 

Intbodttotioh 

It has been assumed by some workers that the intensity of a note of any 
frequency in either ear at the binaural threshold is one-half of the threshold 
intensity in either ear when used alone, i.e. at the monaural threshold. 
Another form of the assumption is the statement that the monaural threshold 
intensity is 3*0 db. above the intensity in either ear at the binaural threshold. 
In the course of the investigation of the possibility of forming a loudness 
scale, Churcher ( 1935 ), and Fletcher and Munson ( 1933 ), have found that 
the intensity of a note when heard binaurally may be assumed to be one- 
half of that of the same note heard monaurally when the note is judged to 
be equally loud under the two conditions of listening. In the ])reBent work, 
this fact has been further verified. The measurements were extended to the 
cases in which the subliminal note presented to the one ear was maintained 
at various levels below the monaural threshold, and the intensity of the 
note applied to the other ear to reach the ‘‘binaural’’ threshold was deter¬ 
mined. In this way it was possible to find the relation between the energy 
required at the monaural threshold and the total energy required at the 
binaural” threshold determined under these conditions. The experiments 
were also carried out with notes of different frequencies in the two ears in 
an endeavour to investigate the variations of total energy in such cases. 


The apparatus 

Two heterodyne oscillators were used to provide pure notes of the various 
frequencies used during the work. The first of these (oscillator A ) was already 
available, and has been described elsewhere (Shaxby and Gage 1932 ); the 
second (oscillator B) was a commercial oscillator of similar frequency 
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range, viz. 30-10,000 c./sec. A, if allowed to ran for about an hour, was 
very stable in frequency, varying by only 1 or 2 c./sec. during the next 
7 hr. B drifted for about 2 hr. fairly rapidly, and thereafter drifted quite 
steadily at the rate of 10—15 c./sec. every hour. A was therefore used as 
the frequency standard. It was adjusted to read correctly by the ''zero- 
beat” method after the "settling down” period, and set to the particular 
frequency required; B was brought into unison with it. The actual frequency 
of B could be determined in this way at any time, and its drift checked; 



Fig. 1—Schematic diagram of the apparatus. 


A schematic diagram of the apparatus is given in fig. 1, and a circuit 
diagram in fig. 2. It consists of two exactly similar circuits, in each of 
which the oscillator was resistance-capacity coupled to a three-stage ampli¬ 
fier with the same type of coupling. The output from the last valve was 
shunt-fed into a step-up transformer, ratio 7:1, with its secondary centre- 
tapped. One half of the secondary was loaded with the output circuit, 
consisting of a 1-megohm resistance in series with a telephone earpiece and 
its shunt, a resistance box variable from 0-10,000 ohms. The other half was 
used to drive a valve voltmeter for checking the output voltage. The latter 
might be made as much as 50 V (R.M.S.). 

The intensity of the note given by either telephone could be controlled 
in three ways, (a) The second stage of each amplifier was fed from the fiLrst 
through a potentiometer of resistance 316,000a), shunt-fed from the first 
stage. This resistance was suitably tapped and mounted so as to give 
intensity variations in steps of 5 db. at the grid of the next valve, and was 
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used as a coarse control of intensity. ( 6 ) The third stage was fed from the 
second in the same way, using a commercial 60,000 w wire-wound potentio¬ 
meter, and giving a fine control of intensity. A dial, calibrated in degrees, 
was mounted on the shaft of this potentiometer, and the control was 



I^Q. 2 Diagram of amplifier and output circuit for the telephone on tho left ear 
(The circuit for the other ear is exactly the same.) 



Pig. 3—Calibration of second intensity control. Decrease in db. (from 
0“) = 20(log,, F,- Fo-logi„ PVTFd. 

cafibrated in decibels by means of a Wheatstone bridge. The calibration 
was checked by using an electrostatic voltmeter as shown (Gage 1934 ) in 
hig. 3 to ehmmate the effect of any resistance at the sliding contact. The 
two calAration curves are parallel but not coincident, though the results 
are unaffected since they depend entirely upon the differences between two 
readmgs taken on either curve, (c) The resistance box in parallel with the 
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telephone can also be used to vary the intensity. The maximum change 
possible is 10,000^i>, so that the output load varies only about 1 % and the 
rest of the circuit is not affected by the variation. 

In each telephone circuit there is a commutator, which short-circuits both 
telephones simultaneously about once a second, giving a series of tones 
lasting about half a second, followed by silence for half a second, and so on. 
In the earlier work a mercury commutator with rotating vanes was used 
to produce this effect, but was later replaced by a double-pole double-throw 
mercury switch arranged to rock once a second by an eccentric mounted 
on a rotating shaft. Both types of commutator were driven by a small 
synchronous motor through a step-down transformer from the 50 c./sec. 
A.C. mains. It was possible to make either telephone sound alone, with the 
other silent, either by including a separate earthing switch in each circuit, 
or by earthing, in the appropriate amplifier, the tapping point on the first 
potentiometer referred to above. With the maximum intensity in one 
telephone (not applied to the ear), no sound could be detected in the other 
when silenced in the latter way, showing that no ^‘pick-up’’ was taking 
place in the wiring. 

All the work described was carried out in a ‘"sound-proof” room. 
Although it did not exclude altogether the noise of the heavier traffic 
passing the building, very little of frequencies above 100 c./sec. entered, 
and that of lower frequencies was only intermittent. Provided that silence 
was maintained immediately outside the room (and this was always the 
case) it proved quite satisfactory. 

Experimental pROOEnuBE 

The broad outline of the experimental procedure is as follows: The two 
oscillators were set to the frequencies previously chosen, and the threshold 
intensity for one note in the right ear (with the other phone silent) was 
determined by a method described later. The threshold of the other note 
in the left ear was then determined in a similar way. The intensity of this 
second note was then further reduced by a predetermined amount, and the 
threshold of the first in the right ear redetermined with the second (sub¬ 
liminal) note still presented to the left ear. Immediately after the deter¬ 
mination had been made the notes were sounded separately, without any 
change of intensity, to verify that neither was audible in the absence of 
the other. The experiment was repeated with three or four different 
reductions of intensity of the second note, the whole process taking about 
1 hr. to complete. The output of each amphfier was then checked by the 
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valve voltmeter, and the frequency drift noted and corrected. Ten or more 
of these experiments were made at each of various pairs of frequencies, and 
the results tabulated. 

In experiments of this nature, it is necessary to be able to determine the 
thresholds fairly accmately, since the reductions produced by the presence 
of the subliminal note are of the order of a few decibels only. Various 
methods were therefore tried. Using a continuous note of steadily decreasing 
intensity was found to yield threshold settings depending mainly on the 
rate of decrease in intensity from about 5 db. above the final setting. 
Increasing the intensity of a note initially below threshold gave similar 
results, and also indicated that the observer was delaying his signals until 
he was absolutely certain that the note was heard. The method finally 
adopted was to use the fine control of intensity in steps of 10° on the dial, 
reducing the intensity a step at a time, and finding the readings at which 
the note was just audible, and just inaudible. For example, it might be 
audible at 100°, and inaudible at 110°; the threshold setting would then 
be taken as 106°. Extended tests of this method gave a standard deviation 
of the order of + 0-5 db. for sets of ten readings taken in this way. The 
use of a note interrupted as already described made it a good deal easier 
for the observer to make his decisions as to its audibility, though control 
tests indicated that the final settings were not significantly different from 
those made with a continuous note. 

In practice the note used was reduced from an intensity at which it was 
very definitely audible. The rough adjustment was first used, with the fine 
control at 0° and a suitable value of shunt resistance for the telephone. 
Then the fine control and the variable shunt were used in conjunction with 
one another to arrange that the threshold setting was at a convenient part 
of the scale, about 3 db. below the intensity corresponding to a setting of 0°. 
When the two monaural thresholds had been determined in this way, the 
second note was reduced in intensity by the required amount, using the 
calibration curve of the appropriate dial, and the threshold of the first 
determined, starting at a dial reading of 0°. At this reading a definite note, 
about 3 db. above monaural threshold, would be heard in the right ear. 
The intensity was then reduced by means of the dial until the right-ear 
threshold was again reached. 

The observer in the sound-proof room could communicate with the 
assistant operating the dials outside by means of a key which rang a beU 
outside the room and lit a lamp inside. The assistant could also communicate 
with the observer by a key which also operated the bell and lamp, in order 
to let him know when the threshold setting had been made. The observer 
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signalled whether he required an increase or decrease in intensity, but was 
unaware of the amount of change actually made, as the assistant himself 
decided how many steps of 10° went to make up the change. In each series 
of experiments three or four different reductions in intensity of the second 
note were employed, and the order of these was chosen by the assistant and 
was unknown to the observer. In this way one avoids any tendency on the 
part of the observer to make his settings conform with his expectations. The 
observer was able to short-circuit both phones by means of a double-pole 
double-throw mercury switch inside the room; this was used to differentiate 
between the note itself and the subjective notes which sometimes appeared 
after a long period of listening. In practice it was found better to leave the 
phones short-circuited most of the time, and to Hsten just long enough to 
tell whether the note was audible or not. Occasional tests were made to 
see if the monaural thresholds varied during an experiment, but no sig¬ 
nificant changes could be detected. In fact, monaural threshold settings 
at fixed frequencies rarely varied during the day, though a rise or fall of 
5 db, or so was not uncommon from one day to another. These changes are 
due to variations in the observer, since variations in the output voltage at 
standard settings of the intensity controls could be detected by the valve 
voltmeter; apparent changes in threshold intensity due to output variations 
could thus be distinguished from true threshold variations. 

Results 

In nearly all the experiments, with excej)tions indicated later, oscillator A 
and its amplifier were used to actuate a telephone on the left ear, and 
oscillator B and amplifier actuated that on the right ear. As already ex¬ 
plained, the fixed reductions in intensity were made in the left ear, and the 
reductions experimentally determined in the right ear. Three sets of results 
taken with the latter conditions reversed, i.e. the variable subliminal note 
in the left ear, showed no significant difference from the results foxmd with 
the same pairs of frequencies, using the normal procedure. All experiments 
here tabulated were carried out by the same observer. 

The first sets of results were taken with notes of frequencies in the 
neighbourhood of 1000 c./sec., and not differing very greatly from one 
another in frequency. Consider first the results at unison, 1000 c./sec., set out 
in full in Table I. The experimentally determined reductions in threshold 
intensity in the right ear for a note 3-0, 4-0 and 5*0 db. below monaural 
threshold intensity stimulating the left ear are shown for eleven experiments. 
Each single experiment gives a horizontal line in the table, and the order 
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in which the results were taken is indicated in each case. The mean reduction 
in threshold intensity and its standard deviation are also given. 

Now suppose the energy required by one ear at the monaural threshold 
is Eq. If the energy actually supplied is E^, at an energy level x db. below 
jBj, then we have, by definition of x, 

a; = 10 logj^iEJEi), 
or rewriting, == 

which may be written as 

^^lOa-x/io), ^xlO( 2 -*/io), etc. 

Using these latter forms of the result, it is a simple matter to calculate 
the energy ratios EJE^ corresponding to threshold intensity reductions of 
X db. In this way the total energy fed into the two ears has been calculated 
for the three sets of experiments; the result is given below the mean reduc¬ 
tions in Table I, and appears to show that the total energy required at both 

Table I— ^Redtjctioits eeom Monatteal Threshold 
Intensity in the Right Bab 

Notes of 1000 c./see. in each e6ir 


Db. below monaural threshold 
in left ear 



3*0 

4*0 

6*0 



Db. below monaural threshold 


Number 


in right ear 


Order of 

of exp. 

-- 

-- 

- ^ 

presentation 

1 

2-8 

. 2*2 

1*5 

3, 2, 1 

2 

2-8 

2*8 

2*2 

1, 3,2 

3 

2-8 

2*2 

2*2 

1, 2,3 

4 

2*8 

2*2 

1*5 

3, 1 , 2 

5 

2*8 

2*2 

1*5 

1. 3,2 

6 

3*4 

2*8 

2*2 

1, 2,3 

7 

3*4 

3*4 

2*8 

3. 1, 2 

8 

4*1 

41 

2*2 

3, 2, 1 

9 

3*4 

2*8 

2*2 

1,2,3 

10 

3*4 

2*8 

2*2 

3, 2, 1 

11 

3*4 

2*8 

2*8 

1,3,2 

Mean reduction 3*1 ± 0*4 

2*7 ±0*6 

2*1 ±0*5 



0*99 

0*94 

0*94 



ears for the binaural threshold when a subliminal tone is present in one of 
the ears is equal to that required in eithk ear at the monaural threshold. 
This is a more general form of the assumption that the intensity required 
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in each ear at the binaural threshold is one-half the intensity required at 
the monaural threshold for either ear; the latter assumption has of course 
been verified in the present experiments with the 3-0 db. reduction from 
monaural threshold in one ear. The “theoretical’’ readings corresponding 
to columns 2, 3 and 4, i.e. the decibels below threshold for the right ear 
which would give a value of unity to the expression are 

3-0, 2-2 and 1-7. 

Further experiments were then undertaken to investigate any modifica¬ 
tion of the effect which might occur when the frequencies of the notes used 
were made to differ by various amounts. The first set was taken with two 
notes differing in frequency by about 15 c./sec., that in the left ear having 
a frequency of 1000 c./sec. The frequency difference was adjusted by feeding 
the valve voltmeter from both amplifiers simultaneously, and observing the 
needle beats, as the use of oscillator A for standardizing B had not been 
considered at this stage. The mean settings are shown in the first line of 
Table II, They indicate that the summation effect is present with no 
significant modification when the frequencies of the notes presented to the 
two ears differ by the amount mentioned. 

Several sets of experiments were next carried out with a note of frequency 
1100 c./sec. in the left ear, and notes of various frequencies from 700 to 
1600 c./sec. in the right ear. The frequency of 1100 c./sec. was chosen so 
that the other oscillator could be set to frequencies of round hundreds 
without risking the possibility of common overtones within the range of 
audible frequencies. The results, set out in the table, again show reductions 
of monaural threshold intensities with changing frequencies of the same 
magnitude as in the case of unison. 

After each setting of this binaural threshold in the foregoing experiments, 
the observer recorded his estimate of the direction from which the sound 
appeared to come. No very great accuracy was expected; the indications 
made were “Right”, “Left”, “Central”, and in some cases “Between left 
and centre ”, or “Between right and centre”. When settings of the binaural 
threshold were made at unison, with the constant subliminal note 3*0 db. 
below monaural threshold, some tendency to central localization was ex¬ 
pected, since the two notes would then be of approximately equal intensity, 
but in only two of the eleven settings was any such tendency found. At all 
other frequencies the note was always located on the side of the ear in which 
the intensity was being reduced from audibility. To verify this conclusion, 
the procedure was reversed, so that the latter note was heard in the left ear, 
and the constant subliminal note in the right ear. Three sets of results were 
taken and are shown in Table III; owing to a mistake in reading a calibration 
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curve, the subliminal note was not exactly 3-0, 4-0 and 5-0 db. from mon¬ 
aural threshold. Localization in all cases was to the left, i.e. as before on 
the side of the note originally audible, and the intensity reductions found 
give “total energies” about the same as those found for the other settings 

Table II—^Reductions from Monaural Threshold Intensity 
IN THE Right Ear, and Corresponding Values of 

Db. below monaxiral threshold in left ear 
Frequencies of notes /-*-- n 


(c./sec.) 3*0 4-0 5-0 6*0 

--s Db, below monaural threshold in right ear 


Right ear 

Left ear 

( 



A 

1000 ±15 

1000 

3*1 ±0*6 

2*2 ± 0*6 

1*5 ±0*6 

— 



0-99 

1*00 

1*04 

— 

700 

1100 

3-0 ±0-4 

2*4 ±0*5 

1*9 ±0*5 

— 



1-00 

0*98 

0*97 

— 

800 

1100 

3-1 ±0*4 

2*5 ±0*6 

2*0 ± 0*6 

— 



0-99 

0*96 

0*95 

— 

900 

1100 

2d ±0-5 

1*3 ±0*3 

0*8 ±0*4 

— 



1-13 

1*14 

1*14 

— 

900 

1100 

3-0 ±0*3 

2*6 ±0*3 

2*0 ± 0*6 

— 



1-00 

0*96 

0*95 

— 

1000 

1100 

2*6 ± 0*6 

1*8 ± 0*6 

1*4 ±0*8 

_ 



1*06 

1*06 

1*04 

— 

1000 

1100 

2*9 ±0-7 

2*3 ±0*5 

1*7 ±0*4 




1-01 

0*99 

1*00 


1300 

1100 

3-0 ± 0-5 

2*4 ±0*4 

1*9 ±0*5 




1*00 

0*98 

0*97 

— 

1400 

1100 

3-0 ±0*5 

2*3 ±0*4 

1*6 ±0*4 




1*00 

0*99 

1*01 

-- 

1500 

1100 

3*0 ± 0*5 

2*5 ±0*4 

1*9 ±0*5 

_ 



1*00 

0*96 

0*97 

— 

700 

900 

2*6 ±0*3 

1*9 ±0*4 

1*3 ±0*2 




1*05 

1*06 

1*06 

— 

310 

390 

2*8 ± 0*0 

2*2 ± 0*2 

1*7 ±0*3 

1*1 ±0*3 



1*03 

1*00 

1*00 

1*03 

310 

1100 

2*8 ± 0*0 

2*3 ±0*4 

1*8 ±0*4 

1*4±0*3 



1*03 

0*99 

0*98 

0*97 

10,000 

1100 

2*7 ±0*2 

2*2 ± 0*4 

1*7 ±0*3 

1*3 ±0*4 



1*04 

1*00 

1*00 

0*99 

5000 

310 

2*8 ± 0*0 

2*1 ± 0*0 

1*6 ± 0*2 

M±0*2 



1*03 

1*02 

1*01 

1*03 

Average for all 

2*82 

2*19 

1*65 

1*2 

frequencies 

1*03 

1*00 

1*00 

1*01 
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Table III— Reductions from Monaural Threshold Intensity 
IN THE Left Ear, and Corresponding Values of 

Note of frequency 1100 c./sec. in left ear 

Db. below monaural tlireshold in right ear 


Frequency of 
note (o./sec.) 
in right ear 

800 

2-3 3-3 4-3 

Db. belo-w monaural threshold in left ear 

_ K ______ . 

r 

3-1 ±0-0 

2-7 ±0-3 

-> 

2-2 ± 0-2 


L08 

1*01 

0-97 

1000 

3-2 ±0-0 

2-7 ±0-3 

2-2 ±0-3 


1*07 

1-01 

0-97 

1400 

3-2 ±0-3 

2-6 ±0-1 

2-1 ±0-1 


1-07 

1-02 

0*99 


at the same frequencies; these are discussed later. It seems that localization 
when finding the binaural threshold with a subliminal note of constant 
intensity in one ear tends to be in the other ear. This is probably due to the 
experimental conditions; at low intensities localization is very difficult, and 
the observer’s judgement is influenced by the fact that the only note that 
can be definitely located during a setting of the binaural threshold is that 
heard at the start, when it is about 3 db. above monaural threshold. As 
the intensity is reduced to the new threshold, the ‘difficulty of localization 
increases, and the tendency is to '‘locate” it still in the first position. 

Further sets of results were next taken at 700 o./sec. and 900 c./sec. and 
then at rather lower frequencies, 310 and 390 c./sec.; the latter were chosen 
to avoid the possibility of audible common overtones. The results, shown 
in Table II, are similar to those previously obtained; settings were also 
made in the latter case with the constant subliminal note 6*0 db. below 
monaural threshold. 

For all the results taken the ratio was found for each ear, and as 
the table shows the sum of the appropriate pairs of ratios is not very 
different from unity, as was found for the results when the two notes were 
in unison. The relation appears to be followed even in the cases in which the 
monaural threshold intensities in the two ears differ considerably. 

In order to check the foregoing conclusion, experiments were carried out 
with frequencies of 310 and 1100 c./sec., and with frequencies of 10,000 and 
1100 c./sec.; the threshold reduction of the 1100 c./sec. note was determined 
experimentally in each case. The relation was found to hold just as well in 
both sets of results, though the differences between the monaural threshold 
intensities at 310 and 1100 c./sec., and between those at 10,000 and 1100 



416 


J. W. Hughes 

o.jaeo. are very large, and the actual energy reaching the one ear as a 
constant subliminal note of frequency 10,000 or 310 c./seo. is much greater 
than the monaural threshold energy at 1100 c./sec. A set of results was also 
taken at 5000 and 310 c./sec., using the former as the constant subliminal 
tone, and these agreed with those previously taken. Table II gives the last 
three sets of results. 

It was thought that, in the cases where the energy of the constant 
subliminal tone was very much greater than the energy at the monaural 
threshold of the other, the sound which was heard when the second note 
was reduced below its monaural threshold might have the frequency of the 
first note. No trace of any such sound was ever found in any of the 
experiments. 

Two sets of results were next taken with frequencies of 310 and 1100 
c./sec., but making the constant sublimmal tone, viz. that at 310 c./sec., 
continuous after finding the threshold in the same way as before. In the 
first set the subliminal tone was reduced 2-0, 3*0, 4-0, 6-0 db. below mon¬ 
aural threshold intensity, and in the second it was reduced by 1-0, 2-0, 3-0, 
4-0 db. The results, together with those obtained by the standard method, 
are given m Table IV. Although the first set of the two shows a-“total 
energy” less than unity for each reduction, the second shows it greater 


Table IV—Reductions from Monaural Threshold Intensity oe the 
“Variable” Subliminal Tone and Corresponding Values op 
WEoh+iWn 


Left ear Right ear 

- - ^ - . , - ^ , 

Fre- Fre¬ 
quency quency 

(c./sec.) Character (c./sec.) Character 

310 Interrupted 1100 Interrupted 
Fixed Variable 

310 Continuous 1100 Interrupted 
Fixed Variable 


Db. below monaural threshold intensity 
of “fixed” tone 


i I, — - ...... 

1-0 2*0 3*0 4*0 5*0 6*0 

Db. below monaural threshold intensity 
of “variable” tone 


— 2*8 ±0-0 2*3 ±0*4 1-8 ±0*4 1*4±0-3 

— 1*03 0-99 0*98 0*97 

— 3*3 ±0*7 2*8 ±0*5 2*1 ±0*4 1-8 ±0*6 

— 0*96 0*93 0*94 0*91 


310 Continuous 1100 Interrupted 4*0±0*2 3*4±0*3 2*8±0*3 2*2±0*3 
Fixed Variable 1*20 1*08 1*03 1*00 


1100 Interrupted 310 Continuous 

Fixed Variable 

10,000 Interrupted 310 Interrupted 

Fixed Variable 

10,000 Interrupted 310 Interrupted 

Variable Fixed 


3*6 ± 0*3 3*0 ± 0*3 2*6 ± 0*4 2*2 ± 0*4 — 

1*07 1*00 0*95 0*92 — 

3*8 ± 0*4 3*4 ± 0*5 3*2 ± 0*7 2*5 ± 0*6 — 

1*05 0*96 0*88 0*88 — 

3*8 ± 0*4 3*4 ± 0*5 3*2 ± 0*7 2*5 ± 0*6 — 

1*05 0*96 0*88 0*88 — 
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than unity, and the difference is probably not significant. In the second 
set, even with the constant subliminal note only 1-0 db. below monaural 
threshold intensity, the note heard was still that of frequency 1100 c./sec. 

Another set of results was taken, using the same frequencies as above 
but making the 1100 c./sec. note continuous after determining the monaural 
threshold. Thus the note heard at the start of the experiments with the 
binaural threshold was continuous, and the observer recorded any change 
in its character that occurred as the threshold was approached. In every 
case a tendency to wax and wane in intensity was found, though hardly 
definite enough to be classed as an interruption of the note. Such a result 
might be expected when the 1100 c./sec. note had its intensity reduced 
below that of its monaural threshold, since aU the preceding results indicate 
that it can only become audible under these circumstances when a subliminal 
tone is present in the other ear. In these experiments such a tone was, of 
course, present as an interrupted note, and the audibility of the continuous 
note would tend to wax and wane in the manner described. It seems probable 
that no definite interruption could be noticed, as the interruptions in previous 
experiments became less clearly defined as the threshold, whether monaural 
or binaural, was approached. The actual intensity reductions found are much 
the same as before, and are shown in Table IV. 

The standard method, using an interrupted note in both ears, was em¬ 
ployed to take two sets of results with frequencies of 10,000 and 310 c./sec. 
These frequencies were employed so as to work as far as possible from the 
region of maximum sensitivity of the ear. In the first set, the 10,000 c./sec. 
note was used subliminally, and in the second, the 310 c./sec. note was kept 
below threshold. The intensity of the 10,000 c./sec. note was too small to be 
audible in the observer’s right ear, although it was easily heard in his left 
ear; accordingly the constant subliminal tone was fed into the telephone 
on the right ear in the second set. In both sets, for the lower intensities of 
the constant subliminal tone, the binaural threshold settings show a greater 
reduction from monaural threshold than those previously taken, as Table IV 
shows. When working with the note of 10,000 c./sec. some difficulty was 
experienced in setting the thresholds; it was hard to attain any consistency, 
and this may account for the differences found. 


DlSOnSSION- OF EBSTJIiTS 

The results of the above work may be summarized as follows: 

If the monaural threshold energy for the right ear for a note of any 
frequency is E;^, and that for the left for any other frequency is Ejr,, then 
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if energy (Ifn) of the first frequency is supplied to the right ear and energy 
{l — l/n)Ilx, of the second frequency is supplied to the left ear, a sound is 
just heard, i.e. a binaural threshold is reached. 

This suggests that, at the threshold, the right cochlear apparatus supplies 
to some central mechanism* 1/n of some minimal energy W which is re¬ 
quired to stimulate that mechanism, and that the left supplies the requisite 
deficiency {l — ljn)W to make up the total to the necessary amount W. 

Such a conception involves three assumptions, viz.: 

1— ^that there is a linear relation between the input intensity to the ear 
and its output to the central mechanism, 

2— ^that threshold intensity is the power (varying with frequency) which 
gives a fixed flow of energy W to the central mechanism, 

3— ^that the outputs from the two cochleas to the central mechanism, 
though distinct from one another in character, are summed, as regards 
their power, in the central mechanism. 

In other words, the auditory mechanism as a whole behaves as though 
it consisted of two similar microphones, and a relay connected to both. 
Each microphone has, at a given frequency, a linear relation between input 
power and the power it passes on to the relay, though the ratio of output 
to input in general changes with frequency. The relay draws power from 
both microphones, but only responds when the total power received reaches 
some value W. If then the input to the first microphone necessary to 
produce W is for a given frequency, and that to the second microphone 
for some other frequency is , aninput of ( Ifn) Ej^ to the first and (1 -1 /n) 

to the second will just give the relay the power W, and it will respond. 

In a sense organ the assumption (1) of a linear relation between input and 
the power passed on to a central mechanism has not been proven, but the 
work of Adrian has shown that stimulation of a sense organ gives rise to 
action currents which consist of a number of periodic discharges. As the 
intensity of the stimulus increases, the energy transmitted in these currents 
increases, both by increase in the number of nerve fibres thrown into activity 
and by the greater frequency of discharge m each fibre. The “ output power” 
thus increases steadily, and possibly linearly, with the intensity of stimula¬ 
tion. 

Assumption (2) requires that the power W corresponds to a cochlear 
output of some constant amount independent of frequency, this aipount 

* The terms cochlear apparatus and central mechanism are here used as “port¬ 
manteau” terms: the first probably includes nervotis as well as mechanical parts of 
the hearing mechanism. 



The Monaural Threshold 


419 


being attained with different intensities of stimulation by notes of different 
frequencies. Such an interpretation is quite probable: on the theory of 
cochlear resonance there are separate sets of nerve fibres producing separate 
action currents, and it is unlikely that the efficiency, i.e. output/input ratio 
will be the same for these different mechanisms. 

The third assumption is that the power outputs from the two cochleas, 
though differing in character, are yet summed by the central mechanism; 
this duality of function of a sense organ certainly occurs in vision. A mixture 
of red and green lights produces the sensation of yellow light, and the 
intensity is the sum of the intensities of the components. This is true when 
the ‘"mixing” is binocular, the red light reaching one eye, the green the 
other. In other words, the intensity follows a simple summation I = i? + G, 
while the sensation of colour as such is governed by a quite different relation, 
for instance, RjG, 

Thus the observations recorded in this paper seem to show that two 
stimuli presented binaurally may result in a summation which, at the 
threshold, is strictly additive; expressing the intensity of each stimulus as 
a fraction of the appropriate monaural threshold intensity, the sum of the 
two fractions is unity, whatever the frequencies of the separate stimuli. 
The summation may be explained on the supposition that either ear, when 
stimulated by a pure tone, transmits to the central mechanism an amount 
of energy the rate of flow of which is directly proportional to the strength 
of the stimulus. It is supposed that the auditory threshold is reached when 
the rate at which energy is received reaches a fixed value which remains the 
same for all frequencies of stimulation; when the inflow of energy takes 
place simultaneously from both ears, the threshold is reached when the 
total power received rises to this fixed value, the contributions from the 
two ears adding directly, and independently of any characteristics which 
they may possess in virtue of the different frequencies of the stimuli giving 
rise to them. 

It is interesting to note that an effect similar to that found in the present 
experiments has been remarked by Fletcher and Munson ( 1933 ) in the 
course of their work on loudness measurement. Their data show that 
""10 pure tones, which are below the threshold when sounded separately, 
will combine to give a tone which can be heard. When the components are 
all in the high pitch range and all equally loud, each component may be 
from 6 to 8 db. below the threshold and the combination wiU still be 
audible. When they are all in the low pitch range they may be only 2 or 
3 db. below the threshold. The closeness of packing of the components also 
influences the threshold. For example, if the ten components are aU within 
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a 100-cycle band each one may be down 10 db.” The quantitative dis¬ 
agreement between these and the present results is probably due to the 
fact that, in the former, normal binaural listening was employed, and the 
component tones were mixed in the telephones, so that phenomena due to 
resonances both in the ear and in the telephones may well have been present 
in addition to those due to the effect described in the present work. 
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Summary 

The change of threshold intensity in one ear when a note of fixed sub¬ 
liminal intensity is sounded in the other has been determined by direct 
experiment. The results of the investigation show that for two notes in 
unison, the total energy required in the two ears at the “ binaural threshold ” 
is equal to the energy required in one ear at the monaural threshold, in¬ 
dependently of the actual division of energy between the two ears. For 
two notes of different frequencies, the result still holds good in the form 
= 1, whereof,represents the monaural threshold intensity, 
and jE?! the intensity of the note present in the same ear at the binaural 
threshold, the subscripts B and L referring to the two ears. The bearing of 
the results on the theory of hearing is discussed. 
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The Control of Beating and of Micro-fibrillation by 
means of Potassium, Calcium and Sodium in 
the Chick Embryo Heart 

Calcium Fibrillation and the Control of Beating 

By P. D. F. Mtjbray 

Strangeways Research Laboratory, Cambridge 
{Communicated by Sir Henry Dale, F.R.S.—Received 12 Judy 1937) 

PART I—INTRODUCTION AND METHODS 

The heart of the young chick embryo, isolated in a properly balanced 
solution (Table I, “PC") of NaCl, KCl and CaClg, continues beating some¬ 
times for over 24 hr. and always for much longer than was required for 
any of the experiments to be described. If, however, the medium contains 
a sufficient excess of potassium or calcium there appears the fibrillation 
described by Olivo ( 1924 ) and studied byme(i 934 a, 6 ,i 935 a, 6 ), and which is 
identical with the micro-fibrillation observed in adult mammals and birds 
by Fredericq ( 1929 , 1931 ). For the sake of brevity I use here the shorter 
term “fibrillation”, indicating in the title that it is with micro-fibriUation 
that the paper deals. 

The object of the experiments recorded in this and the succeeding paper 
was to elucidate further the relation between the ions and the kind of 
activity displayed, with special reference to ( 1 ) the effects of removing one 
or two of the three ions sodium, potassium and calcium, and ( 2 ) the 
effect upon the action of any one solution of previous treatment of the 
hearts with other solutions. 

As the work progressed the material was changed and the method 
simplified. In some early experiments fragments of the auricles of 4, 5, 
6 day, and even older, embryos were explanted in plasma and embryo 
extract clots on cover-glasses, and these were then inverted over moist 
chambers containing the experimental solutions. Later the use of auricular 
fragments was abandoned and instead the entire hearts of 2 |—3 day embryos 
were used because these made it possible to study all parts of the heart and 
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were more certain to beat after explantation. Mnally, the plasma clots 
were discarded as unnecessary. Instead, the entire hearts, after being first 
dissected out in 0-76% NaCl, were transferred for about an hour to the 
balanced saline to allow recovery from the shock of operation and to start 
beating, and were then placed in Jena watch-glasses containing the desired 
solution, after being washed by a quick passage through three watch-glasses 

Table I— Composition op solutions, geams pee cent 


Phosphate buffer except where otherwise stated in text. 


Symbol of solution 

NaCl 

KCl 

CaClg 

Remarks 


JPO* 

0-68 

0*06 

0*03 

NaCl was 0-76 % in some expori- 


or 



ments; the alteration 

had no 


0-75 



detectable effect 


KaCl 

0*75 

— 

— 

— 


KCl 

— 

0-96 

— 

— 


CaClg 

— 

— 

0-96 



ISTaCl + KCl 

0*68 

0-06 

— 

without calcitim. NaCl 


or 



was 0-76% in some 

expori- 


0*75 



monts; tho alteration 
detectable effect 

had no 

NaCl + CaCla 

0-68 

— 

0*03 

= P(7 withotit potasBium. NaCl 


or 



was 0-76% in some 

oxpori- 


0-76 



ments; the alteration 
detectable effect 

had no 

Paralysing solution 1 

0-63 

0*26 

0-023 

— 


Paralysing solution 2 

0-51 

0-286 

0-023 

— 


Paralysing solution 1 

0*53 

0-26 

— 

— 


without calcium 
Paralysing solution 3 

0*75 

0*4 

0-03 

-» 


Paralysing solvition 3 

0*76 

0-4 

— 




without calcium 

* This was a modification of Pannett and Compton’s solution. HeurtM in this 
solution beat in a normal manner for an indefinite time. 

containing the solution. The material and methods used are indicated in 
the text by the phrases “auricular fragments”, “entire hearts”, “plasma 
clots”, “pure salines”, “saline-glucose”. The hearts were studied in the 
watch-glasses with a Leitz No. 3 (xlO) objective and x 12 ocular, a 
combination which revealed even the weakest fibrillation or beat. The use 
of varied material and methods led to no error, for all important facts were 
verified with entire hearts in pure saline or saline-glucose; no important 
differences were found. Table I shows the principal solutions used. Osmotic 
pressures were found by calculation, the osmotic effect of the buffer not 
being considered. I have never found any influence from any but very 
drastic changes in osmotic pressure (1935 a). Isosmotic NaCl was taken as 
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OaClj as 0-96%, glucose as 4-62 %. The balanced 
saline, known as PG, had an osmotic pressure equal to NaCl 0-76 % when 
its own content of NaCl was 0‘(58 %. Large differences of osmotic pressure 
were compensated by glucose; but when the difference was trivial (e.g. 
caused by the presence of OaCla 0-03 % or KOI 0-06 % in one solution but 
not in another) it was not compensated, for I knew from many experiments 
that such slight differences produce no detectable effects. 

In the great majority of experiments the solution contained as buffer 
NaHaPOd O'OOl % and NagHPOd, 0'0286 %, to give pJl 7-6, but 

when large quantities of calcium were present the buffer was NaHCOj 
(>•03 %, and in a fow experiments, when the absence of sodium was desired, 
no buffer was used. 

All experiments were performed at room temperature because of its 
convenience and because the rate at which events occur is slow enough to 
allow observation; at higher temperatures visual analysis would be impos¬ 
sible. Both kinds of material will beat at room temperature. Error due 
to variations in temperature was carefully eliminated, for all the more 
important experiments were performed on several occasions and no 
significance was attached (except as mentioned in the text) to any observa¬ 
tion which could not be repeated under summer conditions. 

Experimental procedures and particular solutions are indicated in the 
text by symbols, and those of the solutions are explained in Table I. An 
arrow between the symbols of two solutions indicates that the hearts were 
treated first with one solution and then with the other, thus NaCl ->■ NaOl -I- 
KCl means that the hearts were transferred to the solution NaCl + KCl after 
previous treatment with NaCl. 

PABT IT—THE EFFECTS OF NaCl 0-75%, KCl 0-96%, 

CaCl, 0-95%, ALONE 

Material—^NaCl: 20 auricular fragments, plasma clots. 

Over SO entire hearts, plasma clots. 

Over 160 entire hearts, pure salines. 

KCl: 60 entire hearts, pure salines. 

CaCla: 18 entire hearts, pure salines. 

Hearts transferred from the balanced saline PO to NaCl 0-76% con¬ 
tinued beating, but the beats became progressively weaker and at the same 
time underwent a change of character. The simultaneity of cell contractions 
decreased. Finally beating ceased and the hearts were then either stationary 
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or might show a weak fibrillation. This fibrillation was often much more 
active in auricular fragments of the older hearts, and in these there could 
be no doubt that the movement was a true micro-fibrillation, comparable 
to that produced by excesses of calcium or potassium in the medium. 

In pure KCl or CaClj beating was quickly stopped, though in CaCl 2 it 
might persist for as long as 3 min. In both solutions beating was succeeded 
by violent fibrillation of the entire heart. 

PART in—THE EFFECT OP ABSENCE OF POTASSIUM OB CALCIUM 

Material —PC NaCl-i-KCl: 6 auricular fragments, plasma clots. 

13 entire hearts, plasma clots. 

131 entire hearts, pure salines. 

PG -s- NaCl-1-CaCla: 16 auricular fragments, plasma clots. 

27 entire hearts, plasma clots. 

43 entire hearts, pure salines. 

When the experimental solution contained potassium but lacked calcium 
the beat was always very greatly weakened and might stop; more usually 
it became restricted to the sinus or sinus and auricles. This period of 
depression was always succeeded by recovery, when the hearts once more 
displayed a weak beat continuing for hours. The times between entry into 
the solution and most complete depression, and from this to the most 
nearly complete recovery, varied greatly. Table II gives typical figures 
for a group of six hearts. 

Table II 

(Each vertical column refers to one heart) 

Time to loss of beat in 15 21 10 10 9 17 

NaCl+KCl 

Time from depression to 16 24 18 18 16 8 

recovery 

Transference to a fresh bath of NaOl-f-KCl after recovery of the beat 
failed to stop it again (nine hearts), and if done during depression failed to 
delay recovery (three experimental hearts and three controls). This rendered 
imtenable any attempt to explain recovery by a rise in the calcium content 
of the medium (e.g. by liberation of calcium from the cells). 

There was never any fibrillation in NaCl-f KCl; but if hearts were 
transferred from NaCl-H KCl to NaCl fibrillation might subsequently 
appear. 
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In NaCl + CaCl 2 , i.e. in the absence of potassium but with calcium present, 
beating was at first stronger and faster than in PO. After a time, however, 
the frequency and strength of beating decreased. Various disorders of 
beating appeared, usually about 45 min. after entry into the solution, like 
auriculo-ventricular block and the development of an mdependent pace¬ 
maker in the ventricle, and fibrillation appeared between the beats. 
Finally (usually after two or three hours) beating ceased while the heart 
continued in fibrillation. The fibrillation slowly weakened and when it 
finally stopped the hearts appeared to be dead. Essentially similar events 
occurred in the atiricular fragments of older hearts. 

PART IV—THE EFFECT OF VARIOUS SOLUTIONS UPON HEARTS 
PREVIOUSLY TREATED WITH NaCl 

The experiments described in this part show that: (1) hearts transferred 
from NaCl to calcium-containing solutions are thrown into fibrillation, 

(2) this does not occur if the second solution does not contain calcium, 

(3) if the second solution contains both calcium and potassium the fibrilla¬ 
tion is transient. 

The experimental solutions can be divided into three groups: (A) con¬ 
taining calcium but not potassium, (B) containing both calcium and 
potassium, (C) containing potassium but not calcium. 

A—NaCl -j-NaCl+CaClg 

Material—20 axiricular fragments, plasma clots. 

9 entire hearts, plasma clots. 

13 entire hearts, pure salines. 

26 entire hearts, pure salines, special method for which see text. 

In most of the material listed the transference was carried out in the 
usual way and it was found that certain events, the stimulation and stoppage 
of the beat, occurred so rapidly that they were over before the microscope 
could be focussed on the heart in its new bath. In the fourth group of 
material (twenty-six entire hearts) therefore, the hearts were left in NaCl 
(1 C.C.), and to this was added 0'05 c.c. of the mixture NaCl 0-73 %, 
CaClg 0-6%; this, mixed with 1 c.c. of NaCl 0-76% gives practically 
NaCl 0-76 % CaCla 0-03 %, i.e. the solution Naa-f-CaCSa. The hearts were 
watched continuously. The duration of treatment in NaCl before the 
addition of calcium ranged from 22 min. to 2 hr. 28 min. The addition of 
calcium was followed by a strengthening of the beat, and this effect was 
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frequently instantaneous but might be delayed for as long as a minute. 
It was nearly always transient, the beat stopping after from a few seconds 
to 3 or 4 min. In three out of eleven cases in which beating had already 
stopped before the calcium was added, there was a transient restoration 
of the beat. The behaviour of the other three groups of material was, as far 
as could be ascertained, similar. 

Events following stoppage of the beat are described for all four groups 
at once because the difficulty of observation mentioned above did not arise. 
The collapse of the beat was followed by fibrillation. Its activity varied 
but was frequently great, and it was often distributed over the entire 
heart. It might last with decreasing activity for as long as an hour and 
when it had stopped the hearts appeared to be dead, having become 
opaque, and failing to beat again when returned to the balanced saline. 

When hearts which were already fibrillating in NaCl were transferred to 
NaCl+CaOla, the fibrillation became more active in the second solution. 

B— ^TraKSFEEBNOB BEOM NaCl to solutions COKTAtNINQ BO.TH 
OALOItTM AND POTASSIUM 

Material—^NaCl -> PO: 26 entire hearts, pure salines. 

NaCl -> paralysing solution 1: 17 entire hearts, plasma clots. 

7 entire hearts, pure salines. 

NaCl -> paralysing solution 3: 9 entire hearts, pure salines 

( +glucose added to NaCl). 

Of the three experimental solutions, PO of course tolerates beating by 
normal hearts for an indefinite time, but both paralysing solutions 1 and 3 
contain enough KCl to stop the beating of normal hearts in about 6 min. 
but not enough to induce fibrillation except in the conus. The two 
paralysing solutions resemble one another in aU their effects, but No. 3 is 
a better constructed solution than No. 1 because it contains the same 
quantities of NaCl and CaCl^ as does PO, while in No. 1 the concentrations 
of these salts are lower than in PO. 

If hearts were transferred to PO after short times in NaCl (roughly, 
less than 20 min.) the only event was a strengthening of the beat. But if 
immersion in NaCl were longer than this, but not too long (roughly, over 
an hour) a complicated series of events occurred. These events resembled 
those in NaCl + CaClg after previous treatment with NaCl except (a) that 
the transient stimulation of the beat did not always occur, (6) the fibrilla¬ 
tion was always transient, stopping usually about 2-6 min. after trans- 



Control of Beating and of Micro-fibrillation 427 

ference to PC, (c) the cessation of fibrillation was followed by beating again 
and this then continued indefinitely. There were sometimes two peaks of 
fibrillary activity separated by a period of weaker fibrillation; this double 
fibrillation wiU be discussed further in a later paper. A minor difference 
from the effects of NaCl + CaClg was the often incomplete character of the 
stoppage of beating, a beat often surviving in the auricles although it had 
stopped elsewhere. The interval between the cessation of fibrillation and 
the return of beating ranged up to more than an hour, and was longer the 
longer the hearts had been in NaCl. 

When the second bath was one of the paralysing solutions the beat was 
always stopped instantly; there was never any preceding stimulation. 
Stoppage was followed by transient fibrillation, and this again, in ten 
hearts transferred to paralysing solution 1 and in two transferred to 
paralysing solution 2, by a transient return of beatiug. This beating was 
nearly always weak, sometimes very weak, and was often more or less 
confined to the upper part of the heart. Strong beating of the whole heart 
was rare. Its time of occurrence is of some importance; whereas normal 
hearts cease beating permanently in these solutions after at most 10 min., 
the transient return of beating which occurs when the hearts have been 
previously treated with NaCl occurred later than this, for example in one 
group of five hearts beating was seen 13, 13, 14, 16, 17 min. respectively 
after entry into the paralysing solution. The final condition of hearts in 
either paralysing solution, whether they were normal or had been treated 
with NaCl, was always stationary except usually for some fibrillation in 
the conus. 

C—^TEANSraEBNCB TO SOLUTIONS CONTAINING TOTASSIUM 
BUT NOT CALCIUM 

Material—^NaCl -> NaCl+KCl: 12 auricular fragments, plasma clots. 

13 entire hearts, pure salines. 

NaCl -»■ paralysing solution 1, without calcium: 

5 entire hearts, plasma clots. 

NaOl “»■ paralysing solution 3, without calcium: 

8 entire hearts, pure salines + some glu¬ 
cose in both solutions. 

The thirteen entire hearts transferred from NaCl to NaCl-h KOI had been 
in the first solution for periods ranging from 60 min. to 1 hr. 20 min.; they 
were all still beating. On transference to NaCl-f KCl beating was stopped 



428 P. D. F. Murray 

either at once or within a minute, without previous stimulation, and there 
was no fibrillation. Thus they were stopped more rapidly than hearts 
which had been treated in PO. No return of beating was observed. The 
results with auricular fragments resembled those with entire hearts. 

The events in the two paralysing solutions without calcium resembled 
those in NaCl + K.C1. One observation of interest was made; the time tiikon 
to stop beating in a paralysing solution without calcium was usually from 
1 to 3 min., whereas in the same solution with calcium stoppage was almost 
instantaneous. It should be added that in the transference PO-*' paralysing 
solution 3 without calcium, stoppage was, as expected, very gradual and 
with no return of beating. 

In connexion with the experiments in this part, one accessory experiment 
must be mentioned. Paralysing solution 1 was made by mixing 3*5 parts 
of PO with 1 part of isotonic KCl. In order to be sure that the effects of 
this solution were due to the high KCl and not to the low NaOl or CaO^, 
four hearts were transferred from PC to a mixture of glucose and PC in 
the ratio of 1:3-6, and four other hearts to paralysing solution 1, In the 
paralysing solution all four hearts became paralysed, but in the mixture of 
PO and glucose all four continued beating for at least 1 hr, 40 min., after 
which observations were discontinued. 


PART V—THE EFFECT OF CALCIUM-CONTAINING SOLUTIONS 
UPON HEARTS PREVIOUSLY TREATED WITH A SOLUTION 
CONTAINING POTASSIUM 

The experiments described in this part show that hearts transferred 
from solutions containing potassium to solutions containing calcium do 
not fibiillate (except occasionally in the transference NaCl+KOI -*PO, 
and of course except when there is a very high concentration of calcium in 
the second solution). 


A—NaCl+KCl NaCl -t- CaClg 

Material—6 entire hearts, plasma clots. 

6 entire hearts, pure salines. 

The effect of NaCl + CaCla upon hearts previously treated with NaCl + 
KCl was very different from that seen when the first solution was NaCl 
without potassium. The time of treatment in NaCl -|- KCl ranged from 1 to 
over 5 hr. In all cases the beat, if continuing in NaCl -I- KCl, became stronger 
in NaCl+CaClj, although in two it was at first stopped and then returned 
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stronger than before. This increased strength of beating was not the mere 
transitory stimulation frequently seen in NaCl + CaCla when the first 
solution has lacked potassium; beating continued with this increased 
strength. Finally, as with normal hearts in the same solution, beating 
ceased and was replaced by fibrillation. The time which elapsed after 
entry into NaCl 4- CaCl 2 before cessation of beating and, onset of fibrillation 
was less tlian in normal hearts but many times longer than in hearts 
previously treated with NaCl alone. Thus in five hearts beating of the 
whole heart lasted over an hour, and in five fibrillation was still not 
detectable after this time. When the first solution contained no potassium 
(NaCl -> NaCl + CaCl 2 ) beating was stimulated and stopped, or stopped 
without stimulation, immediately after entry into NaCl+CaClg and 
fibrillation followed within a couple of minutes (see Part IV A). 

Thus, the presence of potassium in the first solution protected the hearts 
from the instant collapse into fibrillation which occurred when the first 
solution contained only NaCl, and the duration of this protection shows 
that, in respect of sensitivity to the fibrillating action of NaCl+CaCIg, the 
hearts had been kept in a condition comparable to that of hearts treated in 
PO. Nevertheless, since beating did not last so long after NaCl+KCl as 
after PC, and since fibrillation tended to appear sooner, the protection 
conferred by NaCl + KCl was less effective than that conferred by PO. 

B—NaCl+KCl ->PC 

Material—61 entire hearts, pure salines. 

The experiments just described, in which potassium in the first solution 
gave prolonged protection against the fibrillating action of calcium in the 
second, lead one to expect that fibrillation would not occur in PC after 
NaCl+KCl. This expectation was usually, but not invariably, fulfilled. 
Fibrillation was seen in PC in twelve or thirteen hearts out of the sixty-one 
studied; it was always transient and resembled the fibrillation seen ia. PO 
after NaCl except that it was usually much weaker. The behaviour of the 
beat in general resembled that in PC after NaCl. There was in at least 
nineteen hearts momentary stimulation, followed by stoppage or reduc¬ 
tion of the beat from contractions of the whole heart to beats of tlie 
auricles only, and finally by recovery. The duration of this depression 
varied but was shorter than after NaCl. It was of course during the phase 
of depression that fibrillation sometimes occurred. In sixteen hearts the 
behaviour of the beat was similar except that the momentary stimulation 
was not seen, but it may have occurred and been missed in some or all of 
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these hearts. In twenty-one hearts neither stimulation nor depression 
occurred, there being a simple return to normal beating; five of these were 
already stationary when transferred to PO so that further depression was 
naturally impossible. This direct recovery tended to occur in those hearts 
which had been for shorter times in NaCl-fKCl. 

C—^NaCl-t-KCl PAEALYSiNQ sonmoN I 

Material— 6 entire hearts, plasma clots. 

17 entire hearts, pure salines. 

The two most interesting facts in this experiment are that whereas in 
hearts previously treated in NaCl the second solution instantly stopped 
the beat and then induced transient fibrillation, after NaCl + KOI the beat 
was frequently not instantly stopped and there was no fibrillation. 
Twenty-one hearts were still beating after being in NaCl+KOI for periods 
ranging from 20 min , to over 3 hr.; in eight or ten of these the paralysing 
solution stopped the beat instantly or nearly so, but in the remainder 
beating continued for periods ranging from | to 3|min. Thus in this 
respect the behaviour of the hearts was intermediate between that of 
hearts previously treated with PG (i.e. normal hearts) and that of hearts 
previously treated with NaCl. The transient return of beating frequently 
seen after NaCl was not observed after NaCl -4- KCl; it is possible that it 
may have been missed, but this is unlikely. 

PART VI—THE EFFECT OF A CALCIUM-CONTAININO SOLUTION 
UPON HEARTS PREVIOUSLY TREATED FIRST IN NaCl 
AND THEN IN NaCl-|- KOI 

The experiment here described shows that the ability to resist the 
fibrillating action of NaCl + CaClj, which is lost in NaCl, is restored by a 
bath in NaCl -I- KCl. 

rfNaCl + CaClj 8 ontiro hearts) 

NaClC V pure salines 

^NaCl + KCl-> NaCl-hCaCl, 13 entire hearts) 

The eight hearts transferred direct from NaCl to NaCl-l-CaC^ were 
controls intended to show how long hearts must be left in NaCl to ensure 
their being in the condition in which NaCl-l-CaCla would reduce them 
rapidly to fibrillation. Table III shows that six clearly revealed fibrillation 
within,, 2.min., while in two fibrillation appeared after 6 and 12 min. 
respectively. The other thirteen hearts were transferred from NaCl to 
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NaCl + KCl after times shown by the controls to be sufficient for them to 
be rapidly thrown into fibrillation if they had been transferred to NaCl + 
CaOlg. In NaCl + KCl the hearts showed the depression usual in this 
solution, and after varying times were transferred to NaCl + CaOla. Such 


Table III 


’NaCl 

-->.NaCl + CaCla 

.A 

NaCl 

NaCl + KCl NaCl + CaCl^ 

Time in 

Time to fibrillation 

f 


- > 

Time to fibrillation 

NaCl 

in Na01 + CaC4 

Time in NaCl 

Time in NaCl + KCl 

inNaCl + CaCla 

43 min. 

About IJ min. 

54 min. 

About 1 hr. 5 min. 

At once 



1 hr. 19 min. 

40 min. 

Over 46 min. 

44 min. 

Less than 12 min. 

1 hr. 19 min. 

49 min. 

Well over 40 min. 

1 hr, 10 min. 

About 6 min. 

1 hr. 19 min. 

49 min. 

Well over 40 min. 

1 hr. 14 min. 

At once 

1 hr. 19 min. 

1 hr. 3 min. 

23 min. 

1 hr, 15 min. 

At once 

1 hr. 19 min. 

1 hr. 3 min. 

1 hr. 38 min. 

2 hr. 26 min. 

No jBbrillation 

1 hr. 19 min. 

1 hr. 27 min. 

Over 1 hr. 40 min. 

2 hr. 30 min. 

At once 

1 hr. 19 min. 

1 hr. 27 min. 

Over 1 hr. 40 min. 

2 hr. 45 min. 

1 min. 

1 hr. 19 min. 

1 hr. 36 min. 

About 30 min. 


1 hr. 19 min. 

1 hr. 36 min. 

Over 30 min. 



1 hr. 25 min. 

About 1 hr. 10 min. 

About Ihr. 30 min. 



1 hr. 49 min. 

About Ihr. 25 min. 

Over 1 hr. 40 min. 



2 hr. 16 min. 

About Ihr. 18 min. 

About Ihr. 10 min. 


beating as continued in NaCl+KCl was in NaCl+CaClj either strengthened 
or stopped and replaced by stronger beats, which sooner or later became 
beats of the whole heart. The onset of fibrillation was, in marked contrast 
to the control hearts, delayed for long periods in all hearts except one. 
This delay was so great as to make it fair to say that, in respect of the 
production of fibrillation by NaCl+CaClj, the hearts had been restored by 
the intermediate bath of NaCl 4-KCl to practically the condition of 
fresh hearts. 


PART VII—THE EFFECT OF VARIOUS SOLUTIONS UPON HEARTS 
PREVIOUSLY TREATED WITH NaCl + CaClj 

The experiments described in this part reveal certam facts relating to 
the beat, especially that hearts transferred from NaCl + CaCl^ to solutions 
containing potassium show immediate stoppage of the beat. Since the 
second solution in no case contained more calcium than NaCl+CaCl^, 
such fibrillation as appeared in it must have been either calcium fibrillation 
surviving from NaCl + CaClg or else must have been produced by potas¬ 
sium ; its discussion is therefore postponed to the next paper. 
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A—NaCl+CaCla ->PC' 

Material—16 entire hearts, pure salines. 

Hearts which had been treated with NaOl + OaOla for period.^ ranging 
from 46 min. to 3 hr. were transferred to PO. All wore still boating at the 
time of the transference, and in all but one the beat was iinniodiatoly 
stopped in PC; in the single exception the beat became confined to the 
auricles. The period of depression varied from a mere momentary stoppage 
to between 16 and 30 min., and was longer, the longer the treatment with 
NaCl+CaOlg. If fibrillation was present in NaCl + CaCla it died away in PO, 
often after a transient increase in activity; this increase is a subject for the 
next paper. 

B—NaCl + CaCla -> NaCl+KCl 

Material— 7 auricular fragments, plasma clots. 

6 entire hearts, plasma clots. 

26 entire hearts, pure salines. 

Taking all the material together, in twenty-eight cases beating was still 
going on at the time of removal from NaCl-l-CaCla, and in at least twenty 
of these the beat stopped instantly or nearly so on NaCl •+• KCl; in three it 
was reduced to a beat of the auricles only. Beating later returned in at 
least ten, and would probably have returned in more but that the hearts 
were, for reasons unconnected with this experiment, transferred to other 
solutions 10 nun. after their entry into NaCl 4- KCl. In those cases in which 
beating had already stopped in NaCl-l-CaClj the return of beating in 
NaCl4-KCl was not observed; but it might have occurred if the hearts 
had been left in NaCl 4-KCl for more than 10 min. 

When hearts were fibrillating in NaCl-f-CaClg, transference to NaCl 4- 
KCl was followed by weakening of the fibrillation, which usually disappeared 
in 6 or 6 mm. or less. 

C—NaCl-l-CaCla ->Na01 

Material— 6 auricular fragments, plasma clots. 

61 entire hearts, pure salines (in some, with glucose in both 
solutions). 

Thirty of the fifty-one entire hearts had ceased beating when removed 
from NaCl-f CaCla; fifteen of these began beating again in NaCl, though in 
many the beat was weak and confined to the auricles, and in seven it stopped 
again inside a few minutes. Five of the six auricular fragments had 
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similarly stopped beating, and the transference to NaCl restored beating 
to them all. Of the remaining twenty-one entire hearts, which still retained 
some sort of beat when removed from NaCl+CaCla, the beat was in NaOl 
strengthened or accelerated in eight, was unchanged in four, and was 
weakened or stopped in nine. Among these nine, in three the beat returned 
after being stopped. 

When fibrillation was present in NaCl -i- CaCla it gradually died away in 
NaCl and had usually nearly disappeared after 10 min. 

D—^NaCl + CaCla PABALYsnsrG soLtrTiojsrs 1 oe 2 

Material—14 entire hearts, plasma clots. 

T 

The hearts were kept in NaCl-t-CaCl 2 for times ranging from If 
to 5 hr. Eight still retained some sort of beat at the time of transference; 
with one exception transference to the paralysing solution stopped the 
beat at once or after a few seconds. Any fibrillation present in NaCl+- 
CaClg died away in the second solution, often after a transient increase in 
activity which will be discussed in another paper. 

The most interesting event was, in five hearts, a transient return of the 
beat, beginning at 6 , 7|, 8 |-, 9,13 min. respectively after transference to the 
paralysing solution, and lasting in two hearts for 6 and 9 min. respectively 
but in the others for much shorter times, ranging from one extremely weak 
beat to several rather stronger beats. To these five hearts must be added 
the exception mentioned above; when transferred to the paralysing 
solution this heart did not stop beating, but the beat at once became 
weaker, then after 12 min. became much stronger than it had been in 
NaCl-t-CaClj, and finally at 15 min. stopped. 

All the hearts finally reached a stable condition, with no beating but 
with fibrillation in the conus. This is the final condition of normal hearts 
in the same solution. 

PART Vin— ANTAGONISMS BETWEEN IONS 

In an earlier paper (1935 a) experiments were described from which it 
was concluded that ( 1 ) sodium antagonizes the production of fibrillation 
by potassium and by calcium, ( 2 ) potassium does not antagonize the pro¬ 
duction of fibrillation by calcium when sufficient potassium is present .to 
paralyse the heart or when sufficient is present itself to produce fibrillation. 
The sodium-potassium antagonism was demonstrated beyond doubt, but 
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that between sodium and calcium, and the absence of antagonism between 
potassium and calcium, with less certainty. The object of the present 
experiments was to remedy these deficiencies. 

A— SODIUM-CALOITTM 

The evidence (1935 a) that sodium antagonized the prodiurtion of 
fibrillation by calcium was the fact that in the presence of the same con¬ 
centration of CaCl 2 there was more beating and less fibrillation when the 
concentration of NaCl was high than when it was low. But the visibility 
of fibrillation depends on the beating, and a heart which beats without 
showing fibrillation may, if the b^at stops or becomes slower, reveal 
fibrillation. It was therefore possible that, in the higher concentrations of 
NaCl, latent fibrillation existed, suppressed by the beating, and that what 
the experiment really demonstrated was an antagonism by sodium of the 
suppression of beating by calcium and not of the production of fibrillation 
by calcium. 

Exp. 1 

Solutions ... NaCl KCl CaClj Cluooso MtiU’rial 

Solution 1 0-6% 0-06% 0-6% 1-86% 0 ontiro hoarts 

Solutions 0-8% 0-06% 0-6% — (t entire hearts 

By an hour after the hearts had been put into the solutions, beating was 
in both groups nearly confined to the auricles. Beating in the auricles 
caimot interfere with fibrillation in the ventricle, and there was definitely 
more fibrillation in the ventricles, and in other parts of the hearts, in 
solution 1 than in solution 2. 

Thus, taking both old and new results into consideration, there is no doubt 
that calcium induces fibrillation more readily if the content of Na(!l is low 
than if it is high. 

B—POTASSIirM-OALCIlTM 

1 — “Consecutive’’ antagonism 

If fibrillation depended upon an excess of either potassium or calcium at 
the cell surface over the other, transference from a fibrillating solution 
having an excess of one of these ions to a fibrillating solution having an 
excess of the other, should be followed by a decrease in the quantity of one 
ion at the cell surface and increase of the other. There should therefore 
come a time when the ratio between the two ions should be normal and 
fibrillation should cease, later beginning again as the ratio again becomes 
abnormal. 
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The first step was to find a solution in which the concentratipn of NaCl 
was reduced so that when high concentrations of KCl or CaCJ^ were added 
the osmotic pressure would still be below the toxic level. At the same time 
the level of NaOl must not be so low that this in itself would prevent 
beating; the criterion accepted was that the solution, with its low NaCl, 
with the other salts reduced in the same proportion, and with the osmotic 
pressure raised by glucose to equalise with NaCl 0-75%, must maintain 
beating without fibriQation for at least half an hour. This was long 
enough because it was two or three times the duration of the experiments. 
The buffer was NaHCOs because this did not precipitate calcium when the 
CaCla was high, as the phosphate buffer does. The solution which filled 
these requirements was: NaCl 0-39%, KCl 0-034%, CaClg 0-017%, 
NaHCOg 0-03%. 

Exp. 2 


Transference' 

NaCl 

KCl 

CaClj 


NaCl 

KCl 

CaCla 

(1) 

0-39% 

0-7% 

0-017 % 


0-39% 

0-034% 

0-675% 

(2) 

0-39% 

0-7% 

0-017 % 


0-39 % 

0-034% 

0-675% 

(3) 

0-39% 

0 -8% 

0-017% 


0-39% 

0-034% 

0-774% 

(4) 

0-39% 

0 -8% 

0-017% 

■<— 

0-39% 

0-034% 

0-774% 


Material—For (1): 5 entire hearts, pure saline. 

(2) : 7 entire hearts, pure saline. 

(3) : 2 entire hearts, pure saline. 

(4) : 5 entire hearts, pure saline. 

All the above solutions induce fibrillation, and, in each line, the two 
solutions are isotonic. Hearts were placed in one solution, left there for 3 or 
4 min., by which time fibrillation was active, and were then transferred to 
the other solution, following the arrow. In the second solution they were 
watched to see if there was any slackening or stoppage of the fibrillation. 

The results were; {a) when the transference was from a solution rich in 
potassium to one rich in calcium, the fibrillation became, if anything, 
more active; there was no slackening or stoppage; [b) when the trans¬ 
ference was from a solution rich in calcium to one rich in potassium there 
frequently was, during the first minute, a temporary lull in the activity of 
fibrillation, and in two oases transient but more or less complete stoppage. 

2 — “Simvltanems” antagonism 

In these experiments the ability of potassium and calcium to antagonize 
one another was tested when both were present in high concentrations. 
A large number of experiments was performed, but, as the results were 
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negative and confirmed the results obtained in less complete experiments 
described elsewhere, they will not be described in detail. The results were: 

(а) the fibrillation induced by large concentrations of potassium is not 
prevented or reduced in activity by any concentrations of cialoium; 

( б ) some evidence was found that fibrillation by largo contioutrations of 
calcium may be somewhat reduced in activity, but not p«)vented, by largo 
quantities of potassium. 


PART IX—DISCUSSION 
§ 

A —PlBEIIXATION 

The experiments described show a close relation between potassium and 
the induction of fibrillation by calcium. Small quantities of calcium 
(CaCl 2 0-03 %) produce fibrillation only if potassium is absent or in hearts 
which have been treated with potassium-free solutions (Parts Ill aiul IV); 
if fibrillation has been produced it is stopped again if the hearts <!Oine into 
the presence of potassium (Part VII A, B, D); the fibrillation prodiKsed in 
calcium-sensitive hearts is transient if potassium is present as well as 
calcium, but is not transient if potassium is absent (Part IV A and B); 
calcium-sensitive hearts can be made calcium-resistant by treatment with 
solutions containing potassium (Part VI). 

Thus the ability to resist'the fibrillating action of small quantities of 
calcium depends on potassium; in the absence of potassium the resistance 
is lost, in its presence it is retained or recovered. 

The constant dependency of the behaviour of the hearts in calcium- 
containing solutions on the availability of potassium in that solution, or 
in solutions with which the hearts have previously been treated, clearly 
suggests that the loss and recovery of calcium resistance may be due to an 
actual loss and recovery of potassium by the cells. An accompanying paper 
(Watchom and Murray)'shows that if hearts are allowed to lie in potaHsium- 
free solutions they do suffer an actual loss of potassium; this being so, there 
is no difficulty in supposing that potassium-poor hearts will take up 
potassium again if they are given the opportunity. Penn (1936 and litera¬ 
ture there cited) and Mond and Amson ( 1928 ) supply independent evidence 
that potassium can be thus lost and recovered. 

Potassium presents the paradox that {a) present in large quantities it 
induces fibrillation itself, (b) present in small quantities it opposes the 
production of fibrillation by calcium. This is not really very surprising, 
for potassium is known to have different effects according to its situation; 
the concentration of potassium in a muscle cell would probably paralyse the 
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cell if it were in the external medium. It is therefore probable that the 
present paradox can be resolved in the same manner, and in a later paper 
it will be shown that, in respect of the production of fibrillation, potassium 
antagonises itself, and this can only mean different actions at different 
sites. 

A number of facts lead to the conclusion that when calcium induces 
fibrillation it does so by some action at the surfaces of the cells, while 
potassium, in stopping or preventing fibrillation, acts internally. When 
potassium-poor ( = calcium-sensitive) hearts are transferred to solutions 
containing both calcium and potassium the calcium sets up fibrillation 
more or less instantaneously while potassium stops the fibrillation only 
several minutes later. If it be assumed that both ions act at the same place, 
they must act either at the surface or internally. Either assumption meets 
with difficulties. (1) If both act at the surface the delay in the action of 
potassium as anti-fibrillator can be explained by supposing that potassium 
arrives at the cell surface several minutes later than calcium, but this is 
refuted by experiments like NaOl -j-NaCl-hKCl, which show, by the 
immediate effect of potassium on the beat, that it reaches the cells as 
quickly as calcium. (2) In the transference NaCl -> paralysing solutions, 
the instant stoppage of beating without stimulation shows the immediate 
action of potassium predominating over that of calcium, yet the action of 
calcium is revealed in the fibrillation, and this is not stopped for several 
minutes, although the solution contains about ten times as much KCl as 
CaCla. If both ions produce their effects on fibrillation at the same place, 
whether internally or externally, one would expect the potassium to over¬ 
whelm the calcium, and prevent fibrillation, but if calcium acts at the 
surface and potassium only after it has penetrated the cells the occurrence 
of a transient fibrillation is expected. (3) If both ions act at the surface, 
the oocurrenoe of fibrillation depending on a predominance of superficial 
calcium over superficial potassium, fibrillation would not be expected 
when CaCla and KCl are present in the medium in the same ratio as in PC', 
however great their absolute ooncentrsftions. But in the experiments of 
Part VIII fibrillation occurred when the absolute concentrations of the two 
salts were high even though the ratio was as in the balanced saline PC. 
(4) Fibrillation occasionally occurs in PC after treatment with NaCl H-KCl 
(Part V B). Since PC induces fibrillation only in potassium-poor hearts, 
potassium must be lost in NaCl-t-KCl; this agrees with the general 
resemblance in the behaviour of the hearts to that of hearts in PC after 
treatment with NaCl for short times. Such a loss is not unexpected, for the 
absence of calcium would increase the permeability of the membrane, and 
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the content of potassium •within cells is higher than in NaOl + KCl. If 
potassium is lost from the surface in this solution it can only mean that in 
PC the presence of calcium prevents this loss. But if this is so iiotassium 
should not he lost from the surface in NaCl + CaCla; therefore, if it is 
potassium at the surface which opposes fibrillation by calcium, there should 
be no fibrillation in NaCl + CaCla. But fibrillation always occurs in this 
solution. Therefore it is not potassium at the surface whii'h opi)OHOs 
fibrillation by calcium. If both ions be supposed to act internally, fibrilla¬ 
tion should never occur in this experiment (NaCl -t- KOI because there 

is no reason why internal calcium should predominate over internal potas- 
, slum ; the opposite is rather to be expected, for the presence of potassium 
in the first solution should ensure the loss of less potassium than of calcium. 
(5) If potassium at the surface opposes fibrillation, there should be no 
fibrillation in PC, or in the paralysing solutions, after treatment with NaCl, 
because the ratio of calcium at the smrface to potassium at the surface (iould 
never become abnormally high. 

It is therefore concluded that fibrillation by calcium in the medium ocicurs 
when the ratio between calcium at the cell surfaces and potassium‘in the 
cell interiors is abnormally high. 

This conclusion clearly accords with the results of the antagonism experi¬ 
ments (Part VIII), indicating that large quantities of potassium in the 
medium may somewhat reduce the fibrillation set up by large quantities 
of calcium; for the intracellular potassium may be expected to rise when 
the concentration of potassium in the medium is heavy, in agreement with 
the works of Mond and Amson and of Fenn, and this will tend to reduce the 
fibrillation set up by the calcium. 

The occurrence of fibrillation in NaCl, in the absence of both calcium 
and potassium, was puzzling, for sodium antagonizes the production of 
fibrillation by potassium and calcium (1935 a and Part VIII). Fibrillation 
in NaCl resembled that in NaCl ■+ CaCl 2 very closely, differing only in being 
much less active and, in young hearts, in occurring much less constantly. 
In both NaCl and NaCl - 1 - CaClj the beat gradually died away and fibrillation 
appeared before and continued after the cessation of beating. During 
fibrillation in either solution the hearts became increasingly opacjuo; this 
was never seen in NaCl + KCl. Upon transference of hearts fibrillating in 
NaCl-i-CaCla-to NaCl the fibrillation gradually weakened, but might not 
completely stop, and on transference from NaCl to NaCl-|-CaCl 2 the 
fibrillation was greatly increased. Transference of fibrillating hearts from 
either NaCl + CaClj or NaCl to NaCl + KCl stopped the fibrillation. All 
these facts suggest that the fibrillation in NaCl was caused by the same 
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conditions as in NaCl + CaC^, viz. a high ratio superficial calcium/internal 
potassium, and was more active in NaCl + CaCIg because the calcium in the 
medium kept the superficial calcium higher than in NaCl. 

B—Beating* 

1— Influetm, of a cftangefrom less to more calcium (5, 9, 10, 16, 17) 

The beat is stimulated in all cases and whether the increase is absolute 
or relative, i.e. same amount of calcium but less potassium, except when 
the calcium in the second solution is overwhelmed by much larger 
quantities of potassium (these cases are transferences from calcium-free 
media to paralysing solutions containing calcium, 11, 12, 18). 

Subsequent behaviour depends on the treatment to which the hearts 
have previously been subjected. 

a — Potassium-rich hea/rts. 

In potassium-rich hearts, i.e. hearts which have an adequate supply of 
potassium because of the presence of KCl in the first solution, the improved 
beating is maintained for long periods {PC ->• NaOl-f CaC^, NaCl-i-KCl 
NaCl -I- CaClj, NaCl -^NaCl-t-CaCIj after short times in NaCl). The 
experiment NaCl-H KCl ->PC' (17), in which the beat is usually stopped 
after stimulation, is only an apparent exception, and supports the ,view 
already advanced in connection with the occurrence of fibrillation in this 
transference, that potassium is lost in NaCl-h KCl, so that the hearts are 
to some extent potassium-poor. 

b — Potassium-poor hearts. 

When the hearts are potassium-poor, having been previously treated 
with solutions lacking potassium, or with NaCl-f KCl, the beat is always 
stopped or depressed after initial stimulation (9, 10, 17). If the second 
solution contains no potassium the stoppage is permanent (NaCl ->■ 
NaCl ■+• CaClg) but if potassium is supplied in the second solution the beat is 
stopped after stimulation but later returns and is then maintained for long 
periods (NaCl PC, NaCl + KCl ^ PO). 

CoNOLtrsiONs—Calcium in the medium favours beating, but its beneficent 
effect depends on the availability of potassium. If the heart already con¬ 
tains sufficient potassium, the improved beat is maintained; if not, the 
beat is stopped, but is recovered again as potassium is taken up from the 

* Figures in brackets refer to the numbers of experiments in the tabular summary, 
Table IV. 
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solution. Its effect being instantaneous, calcium acts at the surface. 
Potassium acts internally because: (a) Its action in enabling the beat to 
return after stoppage (in potassium-poor hearts) occurs after fibrillation 
has died away and some minutes at least after the beat has stopped, i.e. 
when internal potassium has been taken up again, (6) If it acts at the 
surface there is no reason why beating should stop when the second 
solution contained potassium, because potassium is immediately available 
at the surface, and is known, from the instant action of potassium in some 
experiments, to reach the surface as qxiickly as calcium. The occurrence of 
stimulation therefore shows that a rise in the ratio superficial calcium/ 
internal potassium favours beating, but the immediately following stoppage 
in potassium-poor hearts shows that too great a rise stops beating. 

2 —Influence of a change from less to more potassium (4, 6-8, 

11-15, 18, 20, 21, 23) 

The beat is always stopped or depressed without previous stimulation. 
This occurs whether the change involves an absolute increase in the 
amount of potassium, or a relative increase (i.e. same amount of potassium 
but less calcium). 

a — Potassium-rich hearts (4, 6-8, 18). 

The stoppage or depression is gradual, the process occupying several 
minutes. 

i— One experiment, PC ^NaOl-l-KCl (4). This experiment was 
especially interesting. After stoppage, beating returns and is maintained 
for long periods; thus, the stoppage must be caused by a change which is 
later reversed. Transference to the calcium-free medium involves an increase 
in superficial potassium and a decrease in superficial calcium, but the 
change in the ratio between these will not be later reversed. Several con¬ 
siderations have already suggested that internal potassium is lost in 
NaCl+KCl. If so, the ratio superficial calcium/internal potassium, at 
first lowered by displacement of calcium, will rise again by loss of internal 
potassium; no other ratio will thus reverse the direction of its change. It 
is known that a rise in this ratio stimulates beating; therefore a fall will 
depress, and a subsequent rise to somewhere near the normal level will 
restore the weak beating which is actually seen. 

ii— ^These experiments {PC paralysing solutions 1 and 3, with and 
without calcium, and NaCl-l-KCl paralysing solution 1) differ from that 
just discussed chiefly in the larger quantities of potassium in the second 
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solutions. Stoppage is gradual and the beat does not return, either because 
the larger quantities of potassium prevent the loss of internal potassium, 
or displace too much superficial calcium, or because the ratio of superficial 
to internal potassium is too high. 

6— Potassium-poor hearts (11-15, 20, 21, 23, NaCl paralysing solutions 
1 and 3, with and without calcium, andNaCl+ KC1; NaCl + CaCl 2 
paralysing solutions 1 and 2, and and ->NaCl+KCl). 

The stoppage is sudden and rapid. Since potassium-rich hearts stop 
slowly and potassium-poor hearts rapidly, in solutions whose content of 
potassium is responsible for the stoppage, potassium in the cells opposes 
the action of potassium in the medium. Since potassium often stops the 
beat instantly, its action as depressor mus^t be at the surface, opposed by 
potassium within the cells. Thus stoppage is caused by a rise of the ratio 
superficial' potassium/internal potassium. It is important to note that 
stoppage is not caused by a rise in the ratio superficial potassium/super¬ 
ficial calcium because beating stops more rapidly in the transferences 
NaCl-f CaClg ->NaCl-hKCl (21), or ->a paralysing solution (23), than in 
the transferences PC -> NaCl-H KOI (4) or ->a paralysing solution (6-8), 
although superficial calcium must be as high, and probably higher, after 
NaCl -f CaClg than after PC. 

i— Calcium available in first, second, or both solutions (11, 12, 20, 21, 23). 
In all these experiments there was a return of beating after stoppage. 

a—^In one group (20, 21) the beat returns and is maintained for long 
periods. Here the experiment NaCl-f-CaCla(20) is interesting 
because it affords proof that the instantaneous stoppage or depression of 
the beat in PC is due to a rise in superficial potassium/internal potassium. 
It is known (Watchorn and Murray) that potassium is lost in NaQ + CaCl 2 , 
and since the only difference between the first and second solutions is the 
presence of potassium in the second, the stoppage must represent the effect 
of potassium on a potassium-poor heart. Since the rapidity of the stoppage 
is the consequence of the poverty of the hearts in potassium, and since the 
change responsible for the stoppage is later reversed as the hearts take up 
potassium and beat again, the effective ratio must be superficial potassium/ 
internal potassium. The stoppage cannot be caused by a rise of superficial 
potassium/superficial calcium because, in PC, it would be impossible for 
this ratio to become abnormally high, especially after NaCl-hCaClg. 

Similar considerations apply to the transference NaCl + CaClg -> NaCl+ 
KCl. 
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^—(IL 12, 23; NaCl ->paralysing solutions 1 and 3, NaCl + CaCla -> 
paralysing solutions 1 and 2). The events here are: instant stoppage of 
beating; onset and cessation of fibrillation; return and final cessation of 
beating. The first stoppage is clearly to be attributed to the rise of super¬ 
ficial potassium over internal potassium; rise of superficial calcium probably 
helps, but is not the sole factor because in the experiment NaOl H- 0aCl2 
paralysing solution 1 (23) it decreases but the beat stops as in the other 
experiments. The fibrillation is of course due to the rise of superficial 
calcium/internal potassium, but the rise of superficial potassium probably 
helps; another, paper will show that potassium fibrillation is induced by a 
rise in the ratio superficial potassium/internal potassium. The transient 
return of beating can only be attributed to the rise of internal potassium, 
lowering, for a time, the ratio of superficial to internal potassium to within 
the limi ts of beating. The final stoppage may be due to either (a) displace¬ 
ment of superficial calcium by potassium so that the ratio of these two to 
the internal potassium varies beyond the limits of beating, or (6) further 
attachment of superficial potassium so that its ratio to internal potassium 
rises above the limits of beating. 

ii —Calcium riot available in either solution (13, 14, 15; NaCl ->Na01-|- 
KCl; NaCl -^paralysing solutions 1 and 3, without calcium). The beat, 
after rapid stoppage, does not return. The stoppage is to be attributed to 
the same factor as the first stoppage in i.e. to the rise of superficial 
potassium/internal potassium. There is no return of beating, obviously 
because there is no calcium, causing superficial calcium to be very low 
relative to internal potassium. One point of some importance is that the 
stoppage is less rapid in the transference frorp. NaCl to paralysing solution 3 
without calcium (15) than in the transference from NaCl to the same 
solution with calcium (12). It follows that the first stoppage in paralysing 
solution 3 after NaCl (and by implication in th^ other exi^eriments of the 
group iyff) is accelerated by a high superficial calpium/internal potas¬ 
sium, and therefore is not caused by this ratio changing in the opposite 
direction. 

The conclusions in regard to beating are given in the Summary, 
paragraph 9. 


PART X—SUMMARY 

The principal experimental results are summarized in Table IV. The 
numbers [in square brackets] in the summary refer to the numbers of 
experiments in this table. 



Control of Beating and of Micro-fibrillation 443 

1— The eflfect of various solutions on the normal heart was studied 
[1-8]; in the majority of experiments [9-23] two or three experimental 
solutions were used consecutively with the object of examining the effect 
of each solution on hearts previously treated with various other solutions. 

2— Hearts which had been treated with media lacking potassium were 
readily thrown into fibrillation by small quantities of calcium (CaCla 
0*03%) [9-12], but if small quantities of potassium (KCl 0-06%) were 
present in the first solution, this protected them against the fibrillating 
action of small quantities of calcium in the second [16-18]. 

3— ^When hearts treated with solutions lacking potassium were trans¬ 
ferred to solutions containing calcium, but not potassium, fibrillation 
occurred and was not transient [9]. But if the second solution contained 
both potassium and calcium, fibrillation was transient, ceasing in a few 
minutes [10-12]. 

4— ^When hearts treated with a solution lacking potassium were fiirst 
transferred to a solution containing potassium and thence to a solution 
containing calcium but lacking potassium, it was found that the potassium 
in the second bath enabled the hearts to resist the fibrillating action of the 
calcium in the third bath [19]. 

5— ^The observations recorded in an accompanying paper. (Watchorn and 
Murray) show that potassium was lost from hearts when they were treated 
with solutions lacking potassium. There is indirect evidence that potassium 
was also lost in the presence of KCl 0-06 % when calcium was absent (the 
solution NaCl + KCl) [17]. 

6— ^It is concluded (Part IX A) that fibrillation induced by calcium in 
the medium depends on an abnormally high ratio between calcium at 
the cell surfaces and potassium in the cell interiors. 

7— Stimulation of the beat (strengthening, or restoration after loss) 
occurred when the hearts were transferred to a solution containing more, 
or relatively more, calcium than was present in the first solution [5, 9, 10, 
16, 17, 19], unless the effect was prevented by the presence of large quan¬ 
tities of potassium [11, 12, 18]. If the hearts were not potassium-poor, 
the improved beating was maintained for long periods [5, 16, 17, 19], but 
if the hearts were potassium-poor the stimulation was at once followed 
by stoppage of the beat. If the second solution contained no potassium 
this stoppage was permanent [9]; but if the second solution contained small 
quantities of potassium the beat subsequently returned [10], 
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8— ^When hearts were transferred to solutions containing more, or 
relatively more, potassium than the first solution (but not more calcium 
unless potassium greatly preponderated over it), the beat was depressed 
or stopped without stimulation [4, 11-15, 18, 20, 21, 23]. The inhibitory 
effect of potassium appeared much more rapidly if the hearts were 
potassium-poor than if they were not. 

9 — From these and a large number of other facts it is concluded 
(Part IX B) that the influence on beating of calcium and potassium in 
the medium depends on the balance between the two ratios: calcium at 
the cell surface/potassium in the cell interior, and potassium at the cell 
surface/potassium in the cell interior, but that the ratio between calcium 
at the cell surface and potassium at the cell surface is without influence, 
except indirectly by altering the balance of the two effective ratios. 
Relative increase of superficial calcium over internal potassium stimulates 
beating; but if the increase is too great it stops beating and fibrillation is 
induced. Decrease of this ratio depresses or stops beating. Increase of 
superficial potassium relative to*internal potassium depresses beating. 

Table IV —Stjmmary'oe prin-cipal experimental results 
For meanings of symbols see Table I and Part I of text. 


Experiment 

Part 

Results 

1. PC ->NaCl 

II 

Gradual dying away of beat, gradual 
onset of weak fibrillation 

2. PC ->Ka 

II 

Rapid stoppage of beat, active fibrilla¬ 
tion 

3. PC -^CaClj 

II 

Do. 

4. PC -^NaCl+KGl 

III- 

Beat dies away in a few minutes—later 
weak beat returns and is maintained 
indefinitely 

5. PC ->NaCl+Caa2 

III 

Gradual dying away of beat, gradual 
onset of fibrillation—death 

6. PC paralysing solution 1 

IVB 

Gradual dying away of beat, thereafter 
stationary except fibrillation in conus 

7. PC paralysing solution 3 

IV B 

Do. 

8. ,PC -5- paralysing solution 3 
without calcium 

IV C 

Gradual dying away of beat, thereafter 
stationary 

9. XaCl -^NaCl+CaClj 

IV A 

Stimulation of beat—stoppage of beat 
—^non-transient fibrillation--^eath 

10. NaCl -^PC 

IVB 

Stimulation of beat—stoppage of beat 
—transient fibrillation—^return of beat 



Control of JBeating and of Micro-fibrillation 445 

Table IV — {continued) 


Experiment 

Part 

11. N'aOl paralysing solu¬ 

tion 1 

rvB 

12. NaCl paralysing solu¬ 

tion 3 

IVB 

13. IsiaCl -^N-aCl-hKCl 

IVC 

14. N'aCl paralysing solu¬ 

tion 1 without calcium 

IVC 

15. J^aCl paralysing solu¬ 

tion 3 without calcium 

IVC 

16. NaCl -f- KCl NaOl -f CaCl^ 

VA 

17. ISTaCl + KCl ^PG 

VB 

18. N'aCl-f-KCl paralysing 

solution 1 

VC 

19. NaCl-^-NaCl-fKCl^mOl 
-fCaCla 

VI 

20. N-aCl + CaCla PC 

VHA 

21. ISTaCl + Caa^ ^NaCl+KCl 

VIIB 

22. NaCH-CaQa ->NaCl 

VIIC 

23. N'aCl -f- CaOg paralysing 
solutions 1 or 2 

VIID 

24. Antagonism experiments 

vin 

Vol. CXXIV—B. 



Results 

Stoppage of beat—^traoisient fibrillation 
—^transient return of beat—^stoppage 
of beat, no further return of beat 

Do. 

Beat and fibrillation stopped; no in¬ 
duction of fibrillation; beat not seen to 
return 

Do. 

Beat stopped (less rapidly than when 
calcium present), no fibrillation; tran¬ 
sient return of beat in only one case; 
permanent stoppage of beat 

Strengthening or restoration of beat— 
prolonged maintenance of beat—^ulti¬ 
mate fibrillation 

Stimulation of beat—depression or 
stoppage of beat—rarely fibrillation— 
retxim. of beat (earlier phases often 
omitted) 

Beat stopped but not instantly; no 
fibrillation; no return of beat; per¬ 
manent stoppage of beat 

In !NraClH-CaCl 2 : Strengthening or 
restoration of beat—prolonged main¬ 
tenance of beat—^ultimate fibrillation 

Instant stoppage or depression of beat 
—^transient fibrillation (probably sur¬ 
viving from NaCl+CaCl 2 )—^return of 
beat 

Stoppage of beat and of fibrillation— 
return of beat 

Restoration, strengthening, or stoppage 
of beat, more or less complete dying 
away of fibrillation 

Virtually instant stoppage of beat— 
transient fibrillation (probably sur¬ 
viving from NaCl + CaCJlj)—^transient 
return of beat—^permanent stoppage 
of beat 

In respect of fibrillation: sodium anta¬ 
gonizes potassium and calcium; cal¬ 
cium does not mtagonize potassium; 
large quantities of potassium probably 
weaJdy oppose production of fibrilla¬ 
tion by large quantities of calcium 

2H 



446 


P. D. P. Murray 


Ebfbbbnces 

Feim, W. 0. 1936 PhysioL Rev, 16, 450. 

Fredericq, L. 1929 Arch, int. Physiol, 31, 264. 

- 1931 Arch, int. Physiol, 34, 110 . 

Mond, R, and Amson, K. 1928 Pfiug, Arch, ges. Physiol, 220 , 69. 
Murray, P. D. F. 1934 a Proc. Roy, 80 c, B, 115, 380. 

- 1934 6 Arch, int. Ph/ysM, 40, 243. 

- 1935 a Roy, Soc. B, 116, 434. 

- 1935 b Proc, Roy, Soc, B, 116, 452. 

Olivo, 0. 1924 Arch. Fisiol, 22 , 3. 

Watchorn, E. and Murray, P. D. F. 1938 Proc, Roy. Soc, B> 124, 446. 


612.014.463 

Loss of Potassium from Embryonic Chick Hearts in 
Potassium-free Media with and without Calcium 

By E. Watchorn and P. D. F. Murray 

Sir William Dunn Institute of Biochemistry and Strangeways 
Besearch Laboratory, Cambridge 

{Communicated by Sir Henry Dale, F.R.8.—Received 26 August 1937) 

Experiments already described (Murray 1938 ) led to the inference that 
the cells of the chick embryonic heart lose potassium in potassium-free 
media. The experiments here described provide direct evidence of this. 

Method 

The hearts were dissected out of 2-^—3 day chick embryos and placed in 
the solution PC (Table I) until they had started to beat. They were then 
thoroughly washed, and were allowed to lie for 5 min. (2 min. in Exp. 1 ) in 
the last wash. This last wash is called control A. The solutions used for 
washing were from the same flasks as the experimental solution. After 
their passage through control A the hearts were transferred to 2 c.c. of the 
experimental solution in a Jena watch-glass. After various times in this 
the hearts were discarded and both the experimental solution and control 
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A were collected. If the experiment extended over more than 1 day the 
experimental solution and control A were used over again day by day until 
all the hearts in the experiment had passed through them. The use of 
control A was necessary for two reasons: (a) to show that potassium was 
not stiU being washed out of the intercellular spaces at the end of washing, 


Table I— G.jlOO g. water 


Solution 

NaCl 

KCl 

CaCla 

PC 

0-75 

0*06 

0-03 

NaCl + CaCla 

0-75 

— 

0*03 

NaCl + KCl 

0-75 

0*06 

— 

NaCl 

0-75 

— 

— 


{b) in experiments lasting over several days the washing solution was fresh 
each day, but the experimental solution was of course not changed. Hence 
any small amount of potassium being carried over from the last wash would 
accumulate in the experimental solution because of the daily increment 
and might seriously affect the result; but by leaving the hearts for several 
minutes in the last wash (control A) and by not changing it for fresh on 
successive days, any such increase would be detected in that solution. In 
addition to control A, a daily sample (control B) was taken from the same 
flasks as the solutions used for washing. Details of the solutions are given 
in Table I; a phosphate buffer was always used. 

As soon as a few of the hearts had stopped beating or (in the case of 
Exp. 3) either beating or fibrillating, they were aU removed from the 
experimental solution and discarded, and the solutions collected. This 
was done because stationary hearts might be dead and if so might liberate 
more potassium than during life. Stoppage of the experiment when a few 
had become stationary eliminated this difficulty because there is an interval 
between cessation of visible activity and death. 

Finally, the experimental solution, control A, and the samples con¬ 
stituting control B, were examined for the presence of potassium. This 
was done by means of the cobalti-nitrite reagent. Two c.c. of this were 
added to 1 c.c. of each solution tested, mixed, and allowed to stand for 
45 min. After centrifuging at 3600 revolutions per minute for 20 min. the 
supernatant fluid could be safely poured off. By this means the presence 
of even a trace of potassium was plainly revealed by the potassium cobalti- 
nitrite crystals remaining in the tube. When an appreciable amount of 
potassium was present attempts were made to estimate it by means of 
Jacobs and Hoffman’s colorimetric method. It was never possible to make 
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a match in the colorimeter, but an approximation could be obtained by 
naked-eye comparison with suitable standards. 

Exp, 1—^Thirty-four hearts were used and the experiment was com¬ 
pleted in 1 day. Washing was done through four Petri dishes each con¬ 
taining NaCl. Control A was NaCl in a watch-glass; the hearts were left in 
it for 2 min. The experimental solution was 2*2 c.c. of NaCl in a watch- 
glass. The hearts were left in the experimental solution for If hr,, after 
which time most displayed weak beating but a few were stationary. The 
fluids were then collected; unfortunately about half the experimental 
saline was accidentally lost. Chemical examination gave the following 
results: 

Controls A and B: no trace of potassium. 

Experimental: potassium definitely present, in amounts too small for 
accurate measurement, but estimated at 25-607/c.c. 

Exp, 2—^The object was to confirm the results of Exp. 1 and to see if the 
hearts would lose potassium in the presence of calcium. 

The experiment extended over 6 days. Ninety-six hearts were washed 
and subsequently allowed to lie in NaCl and ninety-six were similarly 
treated in NaCl-i-CaCl 2 . The time in control A was 5 min. On the first 
2 days washing was by transference of the hearts through six watch-glasses 
of NaCl or NaCl-f-CaClg, on the remaining 4 days through eight watch- 
glasses. The two groups were left in the experimental salines for equal 
times, but the times varied on the different days, depending on the 
duration of activity in NaCl. In nearly aU cases beating was still going on 
in NaCl 4- CaCl^ at a time when a few hearts in NaCl had become stationary 
and the solutions were collected. Table II summarizes numerical data. 

Table II 

Bay ... 1 2 3 4 6 6 

No, ofhearts in each group 17 9 16 17 16 21 

Times in each experimental 54 43 73 74 92 81 

solution (mins.) 

The result of the chemical examination of the solutions was: 

NaCl. Control A: slight traces of potassium. 

Control B: very slight traces of potassium. 

Experimental: potassium definitely present, not accurately 
measurable, but approximately three times as much as in Controls 
A and B. 
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NaCl + CaClg. All three solutions: very slight traces of potassium, perhaps 
more in the experimental than in the control solutions, but the diflPerence 
was very much less than in the case of NaCl alone. 

Exp. 1 was thus confirmed, but no reliable evidence was found that 
potassium was lost in the presence of calcium. If it was lost in the presence 
of calcium, this happened more slowly than in the absence of calcium. 

Exp. 3—In Exp. 2 it was noticed that the hearts in NaCl 4 -CaCl 2 were 
always in better condition at the end of the experiment than those in NaCl; 
it was therefore possible that if the hearts were left in NaCl + CaClg for 
longer times, and if more of them were used, a positive result might be 
obtained. The experiment was therefore repeated, over six days, with 
222 hearts, aU of which were used for NaCl + CaCla. Table III gives the 


numerical data. 

Table III 





Day- 

1 2 

3 

4 

5 

6 

No. of hearts 

36 37 

35 

41 

38 

35 

Time in experimental solu¬ 
tion (hr. min.) 

2.23 2.16 

3.0 

3.30 

3.0 

3.30 


The method was modified in one respect: the process of washing was carried 
through in a glass tube, the hearts remaining in the tube and the solution 
being changed twelve times. The thirteenth wash was control A, and 
hearts were left in it for 5 min. The final soaking in the experimental 
solution was carried out in a watch-glass as before, because it was 
necessary to use a microscope. The hearts were discarded and the solutions 
collected when a few hearts had stopped both beating and fibrillating. 

The result of the chemical examination was: 

Controls A and B: no trace of potassium. 

Experimental: potassium present, not measurable, but estimated at 
757 /c.c. 

Exp, 4—Observations described in the accompanying paper (Murray 1938 ) 
gave reason for believing that hearts lose potassium in calcium-&ee media 
even though potassium is present. In this experiment the solution used was 
NaCl -f KCl, the number of hearts was fifty-five, and the object was to detect 
an increase in the amount of potassium in the NaCl+KCl after the hearts 
had been soaked in it. The chemical examination seemed to show slightly 
more potassium after the hearts had passed through the solution than was 
present in it before, but the difference was very slight and lay within the 
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limits of possible error. It is naturally more difficult to detect an increase 
in the potassium in a solution already containing it than to recognize the 
presence of potassium in a solution previously potassium-free, and to this 
difficulty must be added the fact that the biological observations reported 
in the other paper indicate a smaller loss of potassium in potassium- 
containing than in potassium-free solutions. 


CONCJLTTSIONS 

Exps. 1 and 2 show that hearts bathed in NaCl lose potassium. In 
Exp. 3 it is shown that the same happens in NaCl -I- CaClg; but comparison 
between the two groups m Exp. 2 (NaCl and NaCl-f-CaCl 2 ) shows that the 
loss of potassium is less rapid if calcium is present than if it is absent. 


References 

Jacobs and HofiEman 1931 J. Biol. Ghem. 93, 686 . 
Murray, P. D. F. 1938 Proo. Boy. Soo. B, 124, 421. 



576 . 809.515 


The Effect of Freezing on Bacteria 

By E. B. Haines 

Low Temperature Research Station^ Cambridge 

{Communicated by Sir Joseph Barcroft, F,R.S ,— 

Received 25 September 1937) 

It has been known for many years that cultures of bacteria can be 
cooled to very low temperatures without destroying aU the cells present 
(see, for example, MacFadyen and Rowland 1900 ). More recently the pre¬ 
servation of bacteria and sera by rapid freezing and drying has come into 
general use. The fundamental changes accompanying these processes have 
not so far been investigated in much detail. This paper presents the results 
of experiments on the effects of cooKng and freezing at various tempera¬ 
tures on a number of bacterial species, and an attempt to correlate the 
observed effects of freezing on viability with the effect of freezing on the 
cellular proteins of jB. pyocyaneus [Pseudomonas aeruginosa]. 

Hypotheses previously put forward to explain the observed effects of 
low temperatures on living cells may be briefly summarized under three 
headings: 

1 — ^The capfllary theory. In capillary spaces water freezes below 0 ° C. 
(Zsigmondy 1911 ; Fisher 1924 ), and it has been suggested that cells sur¬ 
viving exposure to low temperature have not in fact been frozen (Morrison 
1924 ). 

2 — The mechanical destruction theory. Cells are said to be disintegrated 
by mechanical compression either on freezing or thawing (Lepeschkin 
1924 ), or the surface of the ceU is said to be destroyed (Maximov 1912 ). 

3 — The ‘‘chemicar’ or “desiccation” theory. It is known that in some 
cases water is removed from the cell and freezes round it. This may lead to 
concentration of solutes within the cell, change in ^)H, and consequent 
denaturation of one or more of the native proteins of the cell. The work of 
Moran ( 1929 ), Smith ( 1929 ) and Finn ( 1932 ) has shown that there is in fact 
a critical temperature at — 2 ° C. for mammalian and frog muscle which 
can be explained on this basis. 

It is not easy to devise critical experiments to decide between these 

[ 451 ] 
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alternatives in the case of bacteria, but preliminary tests suggested that 
positive evidence could be obtained on hypothesis 3. Attention has been, 
therefore, chiefly devoted to this. 


The eeebot oe eeebzinq and thawing 

Aqueous suspensions of young cultures of bacteria (usually 20 hr. 
cultures and never older than 24 hr.) were used. Two series of experiments 
were made. In the one a single drop of the bacterial suspension was placed 
on a clean, sterile cover-slip, using a caUbrated dropping pipette, and the 
drop frozen by placing the cover-slip inside a Petri dish previously cooled 
on solid carbon dioxide at - 70® 0. Under these conditions freezing was 
extremely rapid. In the other case five drops of the suspension were 
introduced into the bottom of a sterile ignition tube, taking care not to 
allow the suspension to trickle down the side of the tube, and the tubes 
frozen by plunging into the solid carbon dioxide. In either case; after 
freezing, the suspensions were thawed at room temperature, suitably 
diluted and plated on agar. (With these small volumes thawing was com¬ 
pleted in a few minutes.) The growth of the organisms being somewhat 
delayed after this treatment, several days’ incubation were allowed. In 
certain cases total counts were made, using the Wilson technique ( 1922 ) 
with dark-ground illumination, and the organisms were also examined 
with high power dark-ground illumination and in stained preparations. 
Several experiments were made with each organism. In general, organisms 
could be recovered from the slips or tubes before freezing with an accuracy 
such that the standard deviation of the mean was never greater than 
+10 % and was often less. After freezing, however, the results were more 
erratic, a standard deviation of ± 20 % being obtained for the slips and for 
the tubes ± 35 %. Within these limits, for any given organism the ratio of 
viable cells before and after freezing was constant and reproducible. In 
certain instances the resistance of spores was compared with that of 
vegetative cells of the same organism. The suspension of spores was made 
by emulsifying the 3-day growth on agar, and heating to 80° 0. for 10 min., 
followed by vigorous shaking. Microscopic examination showed that few 
if any vegetative ceUs remained, and the spores were not clumped. A 
suspension of vegetative cells of the same organism was made by growing 
in nutrient broth for 24 hr., centrifuging and resuspending in water with 
vigorous shaking. 

A summary of the results of rapid freezing and thafring is given in 
Table I. 
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Organisms thus vary in their susceptibility to freezing and thawing, 
B, pyocyaneus being one of the most sensitive, while spores in general are 
but little affected. Vegetative cells of B, mesentericus^ the spores of which 
are comparatively resistant, are fairly susceptible. Staphylococcus aureus 
also seems to be resistant but figures with Staphylococci may be mis¬ 
leading, since vigorous shaking of suspensions of these bacteria fails to 
break up all the clumps. It is known that freezing may break up clumps 
in some cases, and this would lead to a spuriously high ratio. A lower 
mortality was obtained with freezing on shps than with freezing in tubes. 

Table I— ^Ratio of Viable Cells before and after Rapid Rreezing 
AT -70° C. m Solid Carbon Dioxide, and Thawing 
AT Room Temperature 



Bact. 


B. pyo¬ 
cyaneus 

[Pseudo- Sacch. 

Spores 

B, 

Vegeta¬ 
tive 
cells B, 

Spores 

Spores 

B. 


coU 

Staph, 

monos Achromo- cere- 

mesen- 

mesen- 

B, 

mega¬ 

Organism ... 

Esch. 

aureus 

aeruginosa} hooter vissiae 

Frozen in tnbes 

tericus 

tericus 

cereus 

therium 

No. of experiments 

4 

3 

12 3 3 

6 

— 

3 

— 

Ratio 

0*58 i 
0*13 

0*96 ± 
0*04 

0*18 d: 0*39 zh 0*11 ± 
0*05 0*08 0*05 

Frozen on slips 

0*73 dr 
o*ie 


1*14 ± 
0*08 


No. of experiments 

— 

4 

4 — — 

4 

4 

— 

4 

Ratio 

— 

0*95 dr 
0*03 

0*49 ± — — 

0*03 

0*90 d: 
0*10 

0*41 d: 
0*17 

— 

0*95 dr 
0*10 


In the above experiments the rate of freezing was roughly constant. It 
is difficult to control the rate of freezing with small drops, but it is assumed 
that freezing at — 70° C. is more rapid than freezing with seeded drops at 
— 5 and — 20° C. A comparison was then made between the ratios of 
organisms before and after freezing at these temperatures (Table II). 

Table II— ^Effect of the Rate of Freezing 

Hatio of viable ceUs (B. pyocyaneus) before and after freezing and thawing. 

Ten experiments in each case 
Frozen at Ratio 

-70°C. 0-55 ±0*10 

-20®C. 0*52 ±0-05 

-5°C. 0*48 ±0*05 

Over this range, therefore, no evidence could be obtained that the rate 
of freezing had any definite effect. This result is in opposition to the 
‘‘mechanical destruction’’ theory, since the larger ice crystals obtained in 
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slow freezing might be expected to exert a greater disruptive effect on the 
cell, assuming intracellular crystallization. 

Two possible effects might be anticipated, according to whether for¬ 
mation of ice occurs ( 1 ) inside or ( 2 ) outside the cell. 

( 1 ) On purely physical grounds the cell should be larger in the frozen 
state. The increase in volume in this case can be shown, however, to be so 
slight as probably to escape detection in small cells. The following assump¬ 
tions are made: {a) the organism contains 80% water, ( 6 ) as with muscle 
75 % of the water is frozen at -3°C. (Moran 1935 ), (c) density of the 
organism unity, (d) 1 g. of water in changing to ice expands by 0*09 c.c. 
It follows that the increase of volume of the cell would be 5-4%. Taking 
the largest cell used in the present work, Saccharomyces, with a diameter 
of 8 * 2 / 4 , it can be seen that the increase would not be detectable. 

( 2 ) On the other hand, if water is withdrawn from the cell to freeze 
round it, the cell might shrink. In either case, it ought to be possible to 
demonstrate rupture of the cell, if it has occurred. 

Two sets of experiments were made on this point. Examination of 
suspensions before and after freezing, using a - 3 ^ in. oil-immersion lens 
N.A. 1*37 and very thin slides, with a dark-ground illuminator, failed to 
show any appreciable degree of rupture of the cells, either with £. pyo- 
cyaneus, vegetative cells of jB. mesentericus, Saccharomyces elUpsoideus or 
S, cerevissiae. The total count, made with a Wilson chamber and dark- 
ground illumination, had not diminished after freezing and thawing, in the 
case of B. pyocyaneus. 

Secondly, frozen films of organisms were examined directly under the 
microscope. A few c.c. of a broth or malt agar culture of the organism were 
placed in a watch-glass, and by carefully withdrawing a platinum loop of 
about 0*5 cm. diameter a thin film was obtained which was then frozen by 
holding over solid carbon dioxide. It was mounted in plasticene on the 
microscope stage in a room at — 3° C. and examined with a | in. objective. 
With bacteria it was difficult to obtain definite results, but the cells appeared 
to be lying undistorted among crystals of ice about ten times the length of 
the organism. The larger cells of Saccharomyces cerevissiae could, however, 
be measured with a Ramsden micrometer, fifty fully grown cells being 
selected at random, omitting obvious buds, and the greatest diameter and 
another perpendicular to it, measured. Unfrozen cells, frozen cells, and 
frozen and thawed cells from the same culture were measured. An example 
of the type of result obtained is given in Table III. 

No significant difference could therefore be detected in the overall size 
of the cells before and after freezing, or in a frozen film. If water is removed 
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from the cell on freezing, the membrane must be sufficiently rigid to main¬ 
tain the shape of the cell unaltered. This would be in agreement with the 
findings of Wdmoscher ( 1930 ) and Knaysi ( 1930 ), the former of whom 
found it difficult to distort bacterial cells with micro-dissecting needles, 
while the latter gave diagrams indicating that even when the cytoplasm 
was drawn in after immersing the cells in 25% sodium chloride, the 
membrane retained its original position [B, subtilis). 

Table III— ^Effect of Rapid Feeezhstg of Films of Sacchaeo- 

MYCES CERBVISSIAE ON THE SiZE OF THE CeLL 
Mean of 50 measurements. In scale divisions, 1 division = 0*3/t 


Before freezing In frozen state After freezing and thawing 


Long 

diameter 

■""■S 

Short 

diameter 

Long 

diameter 

Short 

diameter 

Long 

diameter 

Short 

diameter 

27-2 

19*3 

28-3 

20*1 

27*7 

18*5 


Frozen and unfrozen ceUS of B, pyocyaneus have been examined by a 
variety of staining methods, but no definite evidence of any cytological 
change has been obtained. 

It seems, therefore, that the balance of evidence obtained by the above 
experiments is against hypothesis ( 2 ), but will not differentiate between 
( 1 ) and (3). Further evidence was sought by turning to the effects of pro¬ 
longed storage in the frozen state. 


The effect of stoeing frozen suspensions at 
TEMPERATURES FROM - 2 TO - 20° G. 

Small glass tubes, containing 0-1 c.c. of bacterial suspension, fifiled and 
frozen rapidly at — 70° C. as previously described, were weU corked to 
prevent evaporation, and stored in the frozen state at temperatures of 
— 1 , — 2 , —5, —10 and — 20°O. for prolonged periods. From time to 
time several of the tubes were withdrawn, and the number of viable 
organisms surviving determined by plating. In general, each count at 
each temperature was made in triplicate, since considerable variation 
occurred from tube to tube. Experiments were made with J5. pyocyaneus, 
BacL coli, B, mesentericus (spores) and Staphylococcus aureus^ The results 
are summarized in figs. 1-4. Briefly, it was found that at — 20 ° C. organisms 
died out slowly, about 25 % of the original population of Bact, cjM for 
example, being alive after 163 days at — 20 °O. At —1 and — 2 °C., on 



456 


R. B. Haines 


the other hand, death occurred comparatively rapidly, the viable population 
with this organism at — 2° C. being reduced to 4 % in 11 days. The effect 
was most marked with £. pyocyct/neus, the organism that showed the 
greatest mortality on freezing, much less with Staphylococcus aureus, while 
spores of £. mesentericus suffered no change at any temperature, 50-100 % 
being viable after 133 days at — 20 or — 2° C. 



@-io“c 

□ - 5 C 
A -3°C 
X -2°C 
▲ -l^C 


I - I__i_I_ _ L _ 

0 10 20 30 40 56 ~ 

Days 

Fig. 1—^Death of B. pyocycumua in frozen suspensions stored at different 

temperatures. 

These fin d in gs suggest that there is a critical temperature of storage in 
the frozen state for bacteria, analogous with muscle, near - 2° 0. To test 
this point further, tubes of suspension frozen and kept at — 20° C. and 
showing the slow rate of death characteristic of that temperature, were 
transferred to -2° C. The following is a typical result (Table IV). 
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'Em, 2—^Death of Bact, coU in frozen suspensions. 
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Fig. 3—^Death of S, aureus in frozen suspensions. 
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Fig. 4 —^Death of spores of B. mesentericua in frozen suspensions. 

Table IV—Effect of Traksfeeeing Peozen Suseension 
FROM - 20 TO - 2° C. 

Viable organisms per tube. Mean of three 

Time in days 29 36 

Viable count at — 20® C. 893,000 290,000 

Mean coiunt on tubes transferred to — 2® C. — 41 

from 29 to 36 days 

It seems clear that there is a rapid rate of death associated character- 
istically with temperatures near - 2° C. In the case of muscle it is possible 
to fix the critical temperature at - 2° C., but in measuring the death of 
bacteria the errors are so great that it is impossible to/differentiate syste¬ 
matically between -1 and - 2° C. The rate of death at -1 and - 2° C. is, 
however, on the whole more rapid than at -3° C., and definitely more 
rapid than at — 6° C. 


The effect of feebzestg on the proteins of B. pyoctanbus 

90 litres of a nutrient broth culture of B. pyocya/iwus, grown for 3 days 
at 20 C., were centrifuged, generally in 3—6 1. lots. The mass of bacterial 
cells from each centrifuging was washed twice in ice-cold water with re¬ 
centrifuging. It was then dried by taking through mixtures of alcohol and 
ether, b^ innin g with absolute alcohol distilled over lime, and finishing 
with anhydrous ether, after the method of Hardy and Gardiner (ipro) as 



459 


Effect of Freezing on Bacteria 

modified by Go\igh (1933). The soxhlet extraction with ether as used by 
Gough for the tubercle bacillus was, however, omitted. The dried cells 
were finally suspended in anhydrous ether at - C., and the ether re¬ 

moved in vacuo; 35 g. of dried cells were obtained. The mass of dried cells 
was ground in a ball-mill at ~ C. for 48 hr. Extraction of the contents 
of the mill was carried out with ice-cold water, the final bulk being about 
1 1 . After centrifuging, the liquid was filtered at the pump. All these 
operations were carried out at 0° C. or lower. 

The resulting solution contained heat-coagulable protein, having a 
nitrogen content as determined by micro-Kjeldahl of 17 mg. for 10 c.c. 
Positive results were obtained in the following colour reactions for pro¬ 
teins : Mellon, Sakaguchi, Mohsch, zanthoproteic, glyoxylic and ninhydrin. 
To investigate the effects of freezing, 10 c.c. lots were distributed in test- 
tubes, frozen rapidly at — 70 "^ C., and stored at —20 and —2° C. After a 
few days’ storage at - 2° C., a fiocculent precipitate settled out of the tubes 
on thawing. The precipitate gave positive results in the above series of 
colour reactions for proteins. These results suggest that the precipitate is, 
in fact, a protein that has undergone denaturation on freezing in a manner 
analogous to the denaturation of myogen in muscle juice (Finn 1932). It 
is probably ''globulin” in character, using the term "globulin” in the sense 
of a water-soluble protein precipitated by half saturation with ammonium 
sulphate, and not a true water-insoluble, salt soluble, globulin. The evidence 
for the "globulin” character of the precipitate is at present incomplete, 
but little protein seemed to be taken out of the ground cells by 5 % sodium 
chloride solution, and most of the protein seemed to be precipitated from 
aqueous extracts by half saturation with ammonium sulphate, very little 
coming out on full saturation. It is hoped to investigate this point further. 

To obtain quantitative data on the flocculation of protein caused by 
freezing, a series of tubes of the solution of bacterial extract was rapidly 
frozen and put down at — 20 and — 2 ° C. Tubes were withdrawn at intervals 
of 1, 2, 4, 6, 8 and 12 days, thawed, and allowed to stand for 2 hr. at room 
temperature, in order to allow any precipitate to settle out. 2 c.c. lots 
were then carefully removed, without disturbing the precipitate, and the 
nitrogen content determined by the micro-Kjeldahl technique. Ideally, it 
would have been preferable to determine the increase of nitrogen in the 
precipitate, as Finn did with muscle extract, but this was impracticable 
owing to the small quantities available. The alternative procedure of 
following the decrease in nitrogen in the solution proved quite feasible. In 
general, determinations were carried out in quadruplicate, and reasonable 
agreement was'obtained. Six determinations of the zero point on the 
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unfrozen solution, and on the solution frozen and thawed immediately, 
were made. The total coagulable protein in the unfrozen solution was also 
determined by precipitation with trichloracetic acid (10 %). The results of 
the analyses are given in Table V. 

Table V— Changes in Nitrogen Content of Frozen 
Bacterial Extract 


Total N in solution = 17*13 ± 0*08 mg. NT per 10 c.c. 

Non-protein N left after trichloracetic acid precipitation = 4*84 ± 0*22 mg. N per 
10 c.c. 

Protein N by difference = 12*29 mg. N per 10 c.c. 

N in solution frozen and thawed immediately = 17*15 ± 0*44 mg. N per 10 c.c. 


Days 

0 

1 

2 

4 

8 

12 


mg. N per 10 c.c. of thawed solution after 
aUowmg precipitate to settle 

Stored at — 2° 0. Stored at — 20° 0. 


17*15 ±0*44 
14*06 + 0*10 
13*40 ±0*86 
. 10*99 ±0*95 
10*17 ±0*80 
*11*45 

* Single observation. 


17*15 ±0*44 


16*65 ±0*37 
16*78 ±0*63 
17*01 ±0*04 


In fig. 5 the increase of the precipitate, expressed as the percentage of 
the total coagulable protein in the solution, in terms of nitrogen, is plotted 
against time of storage for the two temperatures - 20 and — 2^ C. 



Days 

Fig. 5—Flocculation of bacterial protein in frozen solution. 
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It may be seen that no significant change in the nitrogen content of the 
solution takes place on rapid freezing and thawing at — 70°C. In the 
tubes stored at — 20 ° C. a very slight decrease in the nitrogen content takes 
place, but in the tubes kept at — 2 ° C. a rapid accumulation of precipitate 
occurred, amounting in 1 day to nearly 17% of the “total coagulable 
protein nitrogen” in the solution, and in 8 days to about 50%, after which 
little further change apparently took place. 

Comment 

Two aspects of the effect of freezing on bacteria can be observed. First, 
when bacterial suspensions are frozen rapidly at — 70° C. and thawed, a 
certain proportion of the cells is killed, varying from about 80 % with the 
most susceptible organism, B. pyocyaneus, to little or none with spores. 
The mortality is constant under these conditions with young cells, but 
varies somewhat with the manner of freezing. The rate or temperature of 
freezing appears to have little effect. Secondly, when the quickly frozen 
suspensions are stored at such temperatures as — 1 , — 2 , —5, —10 and 
— 20 ° 0 ., the rate of death again varies with the organism, being most 
rapid with B. pyocyaneus and little or none with spores. With some 
organisms, notably jB. pyocyaneus and B. coli rapid death occurs near the 
highest temperature of storage and comparatively slow death at — 20 ° C. 
When there is any difference in the rate of death between the upper and 
lower temperatures, it is always in this order. 

In attempting to explain these observations, frozen and unfrozen cells 
were examined by dark ground illumination and in stained preparation. 
It is often stated that mechanical destruction of bacteria when frozen 
in bulk can be obtained with repeated freezing and thawing (e.g. Young 
1929 ), but no evidence for its occurrence, either in the single freezing or 
after storage in the frozen state, could be found under the conditions of 
the present experiments. Damage to the cellular membrane, leading to 
sufficiently increased permeability for the liberation of enzymes, might, 
however, well escape observation. Turning to the effects of freezing on the 
proteins of the bacterial cell, it was found that rapid flocculation of one 
protein fraction of an extract of 5 . pyocyaneus, prepared at low temperatures 
to obtain the “native” proteins, occurred at — 2 °C. Such flocculation 
took place slowly, if at all, at — 20 ° C. It seems likely, therefore, that the 
death of bacteria in the frozen state is due to some change, or complex of 
changes, in oiie moiety of the cellular proteins leading to denaturation and 
subsequent flocculation, owing to the particular salt concentration and 
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pH obtained. This observation probably furnishes the explanation of the 
success of methods of rapid freezing, with desiccation, for the storage of 
bacteria and sera, since the cellular protein most sensitive to changes in 
environment can be obtained in an undenatured condition by extraction 
at low temperatures, and keeps indefinitely when dry. 

No flocculation could be demonstrated on a single freezing and thawing, 
and yet with some organisms a big mortality occurs during this process. 
A similar phenomenon has, however, been found in muscle (op. cit.) and 
the explanation put forward by Hardy ( 1928 ) of the occurrence of a time- 
lag, may hold here. The picture suggested is that some change is brought 
about in the organization of the ceEular proteins, either denaturation itself 
or some change leading to denaturation, by the unfavourable environment 
set up at temperatures just below zero. The proteins, or one fraction, are 
then subsequently flocculated, and this flocculation can be measured. If 
the critical zone of 'temperature is passed through rapidly, less damage is 
done to the cell. If this view is correct, it suggests that the resistance of 
spores is due to the fact that their cells do not contain the particular 
protein most sensitive to changes in environment. This point is under 
investigation in a more extended study of the proteins of bacteria. 


SUMMAEY 

1 — ^Rapid freezing of aqueous suspensions of bacteria under defined con¬ 
ditions leads to death of a constant proportion of the cells, varying from 
about 80 % with the most sensitive organism, B, 'pyocyanms^ to little or 
none with spores. 

2 — ^The temperature or rate of freezing appears to have little effect on 
the mortality within specified limits. 

3— Storage of aqueous suspensions of bacteria in the frozen state at 
temperatures from — 1 to — 20 ° 0 . gives a most rapid rate of death near 
the highest temperature of storage. 

4— ^It is shown that storage at — 2 ° C. of a frozen solution of the native 
cellular proteins of pyocyaneus^ extracted at low temperature, leads to 
rapid coagulation of one fraction of the proteins. Such flocculation is 
negligible at — 20 ° C. 

5— ^It is suggested either that two factors are responsible for the death 
of the bacterial cell on freezing: one unknown, but apparently not me¬ 
chanical, and the other, some change leading to flocculation of the cellular 
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proteins; or else that there is in reality one process, leading to coagulation, 
but with a time-lag, so that coagulation is not found on immediate freezing 
and thawing. 
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The Suppression of Oestrus in the Rat 
during Pregnancy and Lactation 

By T. McKbown and S. Zdokbeman 
Department of Human Anatomy, Oxford 

[Communicated by W. E. Le Oros Clark, —Received 5 October 1937) 

[Plate 18] 

It is well known that one function of the corpus luteum is the inhibition 
of oestrus. This fact has been established by experiments in which corpora 
lutea are removed and by experiments in which the functional life of corpora 
is prolonged. More recently it has been shown that the corpora exercise this 
inhibiting influence by means of their internal secretion. The exact part they 
play in the suppression of oestrus during pregnancy and in lactation in the 
rat is, however, still obscure. An attempt was therefore made in the fol¬ 
lowing investigation to study the influence of destruction of luteal tissue 
on the return of oestrus and on the ripening of follicles, a technique which 
to our knowledge has not before been applied to the rat. 

Animals and methods 

The animals used ha our experiments were adult female rats of the albino 
and black and white varieties, whose sexual cycles were followed by daily 
examination of vaginal smears. The beginning of pregnancy was determined 
in animals left with normal males by the finding of sperm in the vagina. 
The beginning of pseudo-pregnancy was dated from the appearance of the 
last oestrus in animals left with vasectomized males. 

Corpora lutea were destroyed as follows. The ovaries were usually 
approached by dorso-lateral incisions, and their capsules were opened so as 
to expose aU the corpora lutea. An electro-cautery needle was applied to 
each corpus m turn, a weak current being used, and care being taken that 
non-lutemized parts of the ovary should not be harmed. The procedure is 
relatively simple, and the amount of damage done can be gauged by the 
gradual whitening of the tissue. Parts of the ovaries frequently showed no 
corpora lutea, and the danger of damage to non-luteal portions was cor¬ 
respondingly reduced. That the operation can be successfully accomplished 
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1 Corpus luteum after application of electro-cautery needle, showing some 

healthy cells, x 78. 
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in the rat is demonstrated by the almost immediate ripening of follicles and 
by the reappearance of oestrus in animals operated on in pseudo-pregnancy 
and in early pregnancy. 

The ovaries of the experimental animals were serially sectioned, and 
stained with Ehrlich’s haematoxylin and eosin. The rats were autopsied at 
varying times after operation. In some there had been no post-operative 
oestrus; others were killed at the time of the first post-operative oestrus; 
and the remainder were autopsied at the end of the first post-operative 
cycle. 

The uterus of each of the animals that were operated on in the second 
half of pregnancy was examined histologically at the close of the experi¬ 
ments. 


Histology 

It proved impossible to assess the extent of destruction of luteal tissue. 
Every ovary showed several corpora which were recognizable as such only 
because of their general arrangement. Cauterization had transformed them 
into homogeneous eosinophilic bodies which possessed no cellular structure 
and which were supplied by widely dilated vessels. Other corpora showed 
regions in which the original cellular structure could stiU be recognized (fig. 1, 
plate 18 ). Moreover, in aU but three animals that were operated on in late 
pregnancy, one or more deeply embedded corpora lutea, which presumably 
did not date from the ovulation immediately preceding the operation, 
appeared to have escaped destruction. Some of them were corpora lutea 
atretica, and in almost every instance the persisting luteal tissue showed 
obvious signs of degeneration. It is weU known that corpora lutea disappear 
very slowly from the ovaries of small rodents (Long and Evans 1922). 
Deanesly (1930) writes: ‘‘In the absence of pregnancy old corpora lutea 
persist for a considerable period in the mouse ovary, and after ioitial signs 
of degeneration which are not always obvious, farther changes are slow to 
occur.” 

While the histological evidence is not conclusive, it is evident from the 
results of the experiments detailed below that the electro-cautery is in fact 
an effective way of ending a luteal phase of ovarian activity in the irat. 

Expeeimeotal 

Pseudo-pregnancy 

Preliminary experiments were conducted on pseudo-pregnant animals 
in order to test the method. Seven normal cyclic adult female rats were 
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mated with vasectomized males. The corpora lutea which consequently 
developed were destroyed at some titne between the 3rd and 7th days of 
pseudo-pregnancy. 

All the a.TiiTna.1a came into pro-oestrus by the 3rd day after operation, 
and into fall oestrus by the 4th day. As Table I shows, the experimental 
dioestrous period varied between 7 and 11 days. The corresponding period 
in five control pseudo-pregnancies lasted 12—15 days. These results indicate 
that the functional luteal tissue had been effectively destroyed. Since a 
new phase of follicular growth had occurred, it was also plain that the 
follicular apparatus had not been seriously disturbed by the operative 
procedure. 

Table I—Twni Returk^oe Oestrus after Destruction of Corpora 
Lutba during Pseudo-pregnancy 

Day of operation Day of return of 


dmal 

1 

Operation 

Corpora lutea destroyed 

(dated from 
beginning of 
pseudo- 
pregnancy) 

7 

oestrus (dated 
from beginning 
of pseudo- 
pregnancy) 

11 

2 


99 99 

6 

10 

3 

99 

99 99 

6 

10 

4 

99 

99 , 99 

6 

9-10 

5 

99 

99 99 

5 

7-8 

6 

99 

91 99 

4 

7 

7 

99 

99 99 

3 

7 

8 

Control—^unoperated 

— 

14 

9 

99 

99 

— 

15 

10 

99 

99 

— 

15 

11 

99 

99 

— 

12 

12 

99 

99 

— 

13 


First Half of Pregnancy 

The first and second halves of pregnancy have been regarded as separate 
reproductive phases for the purpose of the present investigation in view of 
evidence which indicates their different endocrine mechanisms (see Selye 
and McKeown 1935 ). 

Three adult female rats were operated upon on the 6 th and 7 th days of 
pregnancy. All corpora lutea were destroyed, and the foetuses and placentae 
were removed. Two other pregnant animals were operated upon on the 4 th 
and 5th days of pregnancy. In these the corpora lutea were destroyed but 
the pregnant uterus was not disturbed. 
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As Table II shows, oestrus returned within 4 days of the operation in 
four of these five experimental animals. The fifth animal, fi:om which the 
coipora lutea, foetuses and placentae had been removed, came into oestrus 
on the 13th day after the operation. 

Table II— The Returh oe Oestrus after Destruction of Corpora 
Lutea (with or without Caesarian Section) in Early Pregnancy 

Day of opera- Day of retuni of 
tion (dated oestrus (dated 
from beginning from beginning 


Animal 

Operation 

of pregnancy) 

of pregnancy) 

1 

Corpora lutea destroyed; 
placentae and foetuses 
removed 

7 

10 

2 

>> j> 

6 

13 

3 

»» >> » 

6 

10 

4 

Corpora lutea destroyed 

5 

9 

5 

>> >> 99 

4 

8 

6 

Placentae and foetuses 
removed 

7 

12 

7 

99 99 99 

6 

14 

8 

99 99 99 ' 

7 

14 


Caesarian section performed on the 6 th or 7th day of pregnancy does not 
by itself lead to the return of oestrus until after the 12 th day (Selye and 
McKeown 1935 ). This observation was confirmed in three experiments 
(Table II). 

In the circumstances it follows that the suppression of oestrus in the first 
half of pregnancy is immediately related, as in pseudo-pregnancy, to the 
presence of corpora lutea, and is not dependent on the uterine contents. 
The results of these experiments show clearly that even if the placentae 
secrete progestin at aU during the first part of gestation, they do not secrete 
enough to suppress oestrus. 

Second Half of Pregnancy 

Twelve rats were operated on at some time between the 11 th and 16th 
days of pregnancy, all visible corpora lutea being destroyed. The animals 
were autopsied from 5 to 8 days after the operations. 

Ten of these rats were still in dioestrus at the time of autopsy. The two 
exceptions aborted soon after the operation, and subsequently came into 
oestrus, a result which is in keeping with the fact that Caesarian section in 
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the second half of pregnancy in the mouse and the rat is also followed by 
oestrus (Newton 1935; Selye and others 1935). 


Table III— ^Destruotion of the Corpora Ltjtea in Late 

Pregnancy 




Day of 
operation 
(dated 
from 

beginning 

of 

Besult of 

Day of 
autopsy 
(dated 
from 

beginning 

of 

Autopsy and 
histological 

Animal 

Operation 

pregnancy) 

operation 

pregnancy) 

findings 

1 

Corpora lutea 
destroyed 

11 

No return of 
oestrus 

18 

One foetus alive 

2 

9» >» 

11 

99 99 

17 

Normal preg¬ 
nancy 

3 

99 99 

15 

99 99 

20 

Some placentae 
normal 

4 

99 99 

12 

99 99 

18 

Three foetuses 
alive 

5 

99 99 

13 

99 99 

19 

Some placentae, 
normal 

6 

99 99 

12 

99 99 

18 

Three foetuses 
alive 

7 

99 99 

11 

99 99 

17 

Some placentae 
normal 

8 

99 99 

12 

99 99 

18 

1 or 2 foetuses 
alive 

9 

99 99 

11 

Oestrus— 
18th day 

19 

Aborted 

10 

99 99 

11 

No return of 
oestrus 

17 

Some placentae 
normal 

11 

99 9f 

11 

99 99 

17 

99 99 

12 

> 99 99 

16 

Oestrus— 
18th day 

19 

Aborted 


It would thus seem that the corpora lutea of the second half of pregnancy 
differ both from those of the first half of gestation and from those of pseudo¬ 
pregnancy in not being the factors essentially responsible for the sup¬ 
pression of oestrus. Our findings indirectly confirm the conclusion which 
Newton (1935) drew from a different type of experiment. Newton removed 
the foetuses from pregnant mice between the 12th and 15th days of gesta¬ 
tion, being careful to leave the placentae in place, and not to disturb the 
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ovaries. The placentae were subsequently delivered spontaneously at full 
term, and a post-partum oestrus occurred 1-2 days later. If, however, the 
placentae were removed at the same time as the foetuses, oestrus occurred 
significantly sooner than it would have done if the animals had not been dis¬ 
turbed. These experiments suggest, as Newton points out, that the placenta 
plays an essential part in inhibiting oestrus during the latter half of gesta¬ 
tion. There is, of course, no reason to suppose that the actual agent which 
determines the suppression of oestrus is not progestin, and it is of interest 
that evidence is available which indicates that the hormone is produced by 
the placenta (Ehrhardt 1934; Adler, Fremery and Tausk 1934; Selye and 
others 1935; Ehrhardt and Fischer-Wasels 1936). 

Newton’s own experiments throw no light on the part played by the 
corpora lutea in the suppression of oestrus in pregnancy, but his observa¬ 
tions make it clear that the reason why oestrus does not normally follow 
destruction of the corpora in the second half of gestation is because the 
operation does not normally lead to the death of the placentae. 

Though the corpora lutea do not seem to be essential for the inhibition 
of oestrus in the second half of pregnancy, they appear to exercise consi¬ 
derable influence on the development of the foetuses (see Table III). Thus 
removal of the corpora lutea in two of the twelve animals resulted in 
abortion. In five the foetuses were dead (in a few cases in process of re¬ 
sorption) but some placentae appeared to be normal. In four animals some, 
but not ah, foetuses were dead. In only the 12th animal were the uterine 
contents completely normal. 

At first sight these results seem different from those which Parkes, using 
mice (1928), and Pencharz and Long, using rats (1932), obtained in their 
study of the role of the corpus luteum in pregnancy, but the difference may 
be more apparent than real. One ovary of each of the animals used by th^e 
investigators was first sterilized by means of X-rays. The animals were later 
allowed to become pregnant, and at various times after the 8th day of 
gestation the normal ovary, which contained the corpora lutea of gestation, 
was removed. It was found that resorption of the foetuses and abortion, as 
indicated by the presence of ‘‘large amounts” of blood in the vaginal 
smear, always occurred about 2 days after the unilateral ovariectomy. 

^ The essential difference between the results of these experiments and 
those of our own is that abortion invariably followed removal of the one 
ovary containing the corpora lutea of pregnancy, whereas total abortion 
was an atypical result of destruction of the corpora lutea of pregnancy 
without removal of the ovaries. In view of the uniformity of our results 
in respect of the return of oestrus (Tables I-III), it is unlikely that the 
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survival of some foetuses and placentae after destruction of the corpora 
was due to some deficiency in the technique used in destroying the corpora. 
This belief is supported by the fact, recorded by Selye and others (1935), that 
the placentae of pregnant rats do not die after ovariectomy. Klein (193 3) has 
also found that the placentae persist after removal of the ovaries of preg¬ 
nant rabbits. In interpreting the discrepancy between our results and those 
obtained in irradiation experiments, it may therefore be significant that 
both Parkes and Pencharz and Long took the presence of “large amounts ” 
of blood in the vaginal smear as indicative of the termination of the preg¬ 
nant state. They do not, however, refer to the occurrence of oestrus after 
the presumed abortion, and it is thus not unlikely that the placentae of 
their animals remained intact after removal of the non-irradiated ovary. 
On the other hand, it is conceivable, in seeking for an explan^ition of the 
apparent difference in our results, that the removal of one normal ovary, 
even though an irradiated ovary is left undisturbed, removes some factor 
that is essential to the maternal organism, which is not disturbed by 
bilateral destruction of the corpora lutea alone. 

It is generally believed that removal of both ovaries from normal 
pregnant rats results in abortion. Haterius (1936) has, however, found that 
if all but one of the foetuses are killed, the surviving foetus may be carried 
to term after bilateral ovariectomy of the mother if the placentae are left 
undisturbed. The healthy growth of the surviving foetus is attributed to 
the secretion of progestin by the placenta, a view that is supported by the 
findings of Selye and others (1935), and which is in keeping with the fact that 
pregnancy can be maintained both in normal rabbits after ovariectomy 
(AUen and Comer 1930; Courrier and Kehl 1933), and in hypophysecto- 
mized rabbits (Robson 1936), by means of progestin. Since the removal of 
the ovaries of pregnant rats does not affect the life of the placentae, as 
Selye and his co-workers have found, it becomes possible in the light of 
Haterius’ results to understand why at least one foetus may survive 
ovariectomy of the mother, as was observed both by Marsh all and Jolly 
(1906) and by Hain (1934), and why ovariectomy carried out late in 
pregnancy is not always immediately followed by abortion. In this respect 
the results of destmction of the corpora lutea are also in accord with ex¬ 
pectation, for this procedure does not as a rule lead to the death of the 
placentae, and one or more foetuses usually survive the operation. If is, 
of course, possible that the effects of ovariectomy in pregnancy differ from 
those of destmction of the corpora lutea because the well-being of the 
foetuses is dependent not only on progestin, but on som^ other ovarian 
secretion as well. 
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Regardless of this possibility, the following definite conclusions are indi¬ 
cated by the facts: (a) the life of the placentae in the latter part of pregnancy 
is not wholly dependent on the ovaries; (6) the life of the corpora lutea in 
the latter part of pregnancy is at least partly dependent on the placentae; 
(c) the life of the foetuses is dependent on the progestin produced by the 
corpora lutea of gestation and possibly by the placentae; {d) the amount 
of progestin produced by the placentae is far less than that provided by 
the corpora lutea, since the placentae as a rule cannot sustain more than 
one foetus in the absence of corpora lutea; (c) the progestin threshold for 
the inhibition of oestrus during pregnancy is much lower than that for the 
maintenance of the foetuses, since oestrus continues to remain in abeyance 
after destruction of the corpora lutea during the period normal placental 
tissue survives. The fact that oestrogenic hormone plays a part in the later 
changes of pregnancy is suggested by the work of Reynolds and Firor (1933) 
and of Robson (1936). 

It may be noted that destruction of the corpora lutea of the rabbit in the 
latter phase of pregnancy invariably leads to abortion (Klein 1932). In this 
the rabbit differs from the rat (for other species differences in the physio¬ 
logy of pregnancy see Selye and others 1935; Haterius 1936; and Robson 

1936,1937)- 


Lactation 

The part, if any, played by the corpora lutea in the suppression of oestrus 
during the lactation interval of the rat and mouse is by no means clear. 
Parkes and Bellerby (1927) found that much more oestrin is necessary to 
produce oestrus in lactating mice than in spayed mice, and that the 
amount required in lactation is roughly proportional to the number of 
young suckling. Moreover, it was shown that after ovariectomy the 
amount of hormone required to produce oestrus is little more than is 
necessary in the ordinary ovariectomized animal. These experiments, which 
have been confirmed by Robson (1934), suggested that the ovary during 
lactation has considerable oestrus-inhibitiug power, and further investiga¬ 
tion on unilaterally X-irradiated mice, in which the normal ovary was 
removed during lactation, suggested that this effect is exerted solely 
through the corpora lutea (Parkes 1929 a). If the corpora are the sole 
agents responsible for the suppression of oestrus, it follows that they are in 
some way maintained by the act of suckling, for oestrus will occur within 
2-4 days after the removal of the litter—at whatever time the young are 
removed during the three weeks’ lactation interval. Prom the same pre¬ 
mise, it also follows that oestrus should occur after destruction of the 
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corpora lutea in spite of the continuation of lactation. This deduction is 
not, however, home out by experiment. 


Table IV—^Destettctioit of the Corpora Lute a in Lactation 



Day corpora lutea 
destroyed (dated 

Date of weaning 


from day of 

(dated from day 

Animal 

delivery) 

of delivery) 

1 

2 

4 

2 

2 

3 

3 

2 

2 

4 

2 

4 

5 

4 

6 

6 

2 

9 

7 

2 

9 

8 

3 

12 

9 

2 

Not weaned 

10 

2 

>9 9i 

11 

2 

99 99 

12 

2 

99 99 


Day of return of oestrus 
(dated from day of 
delivery) 

9 

9 

8 

9 

No oestrus (animal iU) 

15 

14 

18 

No oestrus—killed 8th day 
„ „ 10th day 

„ ,, 16th day 

„ „ 21st day 


The corpora lutea were destroyed in both ovaries of 12 lactating rats. 

Five of these animals (Nos. 1-6) were weaned^soon after the operation. 
Of these five, four resumed normal oestrus cycles within 6 days (see 
Table IV). The fifth animal was ill. Three (6-8) were weaned on the 9th, 9th 
and 12th days of lactation respectively, and oestrus returned within 6 days 
of weaning in each of these three animals. 

The remaining four of the operated animals (9-12) were left with their 
litters. Oestrus did not occur while suckling continued, and the animals 
were killed at varying times during the lactation dioestrus. 

Lactation appeared to be normal in animals 6-12, and histological 
examination showed that the mammary glands were in a fully developed 
and functional state. 

Since oestrus did not occur in spite of the removal of the corpora lutea, 
it follows that its suppression during lactation cannot be entirely due to 
these organs. * 


Discussion 

The data considered under the heading Second Half of Pregnancy show 
that the progestin threshold for the suppression of oestrus is relatively 
low, and that enough of the hormone is elaborated by the placentae to 
inhibit oestrus even after destruction of the corpora lutea. The results of 
our experiments on lactating rats suggest that in lactation, too, there must 
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be another factor additional to the corpora lutea (which Parkes has shown 
to have a powerful oestras-inhibiting effect during this reproductive phase) 
which is concerned in the suppression of oestrus. It is unlikely that this 
other factor is the metabolic drain of suckling, since, as has been found 
both by Parkes {igz 6 ) and by Crew and Mirskaia (1930), foster-mothering, 
though it may prolong lactation considerably, does not extend the normal 
quiescent lactation interval. In the circumstanaes it would seem that this 
other factor must be hormonal in character, and the problem of interpreting 
the mechanism of oestrus suppression in the lactating rat becomes much 
the same as in species in which the lactation interval is not heralded by a 
post-partum ovulation, e.g. the ferret (see Parkes 1929^) and the monkey 
(Zuckerman 1931). This problem is not greatly illuminated by the available 
evidence. The lactogenic hormone of the pituitary may itself be the factor 
concerned, for both Dresel (1935) and Lahr and Kiddle (1936) have found 
that prolactin is able to inhibit oestrus in mice and rats. In view of recent 
advances in our knowledge of the relationship of the adrenals to the gonads 
(see, for example, Callow and Parkes 1936), it is also tempting to speculate 
that the same hypophyseal stimulus which leads to luteinisation of the 
ovaries stimulates the adrenals to produce a substance with progestin-hke 
properties, and that the amount produced in this way is enough to suppress 
oestrus even after destruction of the corpora lutea. Alternatively the facts 
suggest that the act of suckling in some way iuhibits the foUicle-stimulating 
powers of the anterior pituitary, while it simultaneously stimulates the 
production of the luteinizing hormone. If this be the correct interpretation, 
the failure of oestrus to follow destruction of the corpora lutea of lactation 
would be due to an already existing suppression of the folhcle and oestrin- 
stimulating hormone of the pituitary, and the oestrus-inhibiting capacity 
of the corpora lutea of lactation would have to be regarded as a purely 
potential power. This view receives added plausibility from the fact that 
oestrogenic hormone inhibits mUk secretion (Folley 1936), and that there 
is no evidence of the presence of the hormone, as judged by a failure of 
lactation, after destruction of the corpora lutea—the organs which a priori 
would be . regarded as inhibiting the hormone’s action. It may be added, 
too, that the capacity of oestrin to inhibit lactation provides an obvious 
teleological reason for the suppression of the foUicle-stimulating powers of 
the pituitary. 

The occurrence of a post-partum oestrus may be attributed to the fact 
that the corpora lutea of pregnancy cease functioning by the time of parT 
turition, when the placentae are also lost. Lactation, and a free supply of 
lactogenic hormone, are not fully established on the first day after delivery. 



474 


T. McKeown and S. Zuckerman 


so that neither prolactin nor progestin is available either to inhibit the 
foUiole-stimulating hormone of the pituitary or to counteract the effects of 
oestrin on the accessory organs. 

Whether the suppression of oestrus in the lactating rat is due to the inhi¬ 
bition of the follicle-stimulating powers of the pituitary, or to the inhi¬ 
biting action of prolactin or of progestin, or to all these factors, it is at least 
plain that they are all priiharily dependent on the act of suckling, and that 
the inverse relation that exists between the number of young suckling, on 
the one hand, and the ease with which oestrus can be induced experi¬ 
mentally by the injection of oestrin (or the frequency of its spontaneous 
occurrence), on the other, is a measure of the effectiveness of the stimulus 
of sucking on the pituitary. 


StTMMAEY 

1— ^Destruction of the corpora lutea of both ovaries of seven rats by 
means of an electro-cautery at various times between the 3 rd and 7 th days 
of pseudo-pregnancy led to the reappearance of oestrus within 4 days 
(experimental dioestrus of 7-11 days). The control pseudo-pregnancy in 
five unoperated animals lasted 12-16 days. 

2— ^The corpora lutea of three pregnant animals were destroyed and the 
foetuses and placentae were removed on the 6th, 6th and 7 th days of ges¬ 
tation respectively. Oestrus occurred 4 , 7 and 3 days later respectively. 
The corpora lutea alone were destroyed in two pregnant animals on the 
4 th and 6th days of gestation; oestrus reappeared on the 8th and 9 th days 
respectively. In three control operations Caesarian section on the 6th, 7 th 
and 7 th days led to the reappearance of oestrus on the 14 th, 12 th and 
14 th days respectively. 

3 — Oestrus did not follow destruction of the corpora lutea of twelve rats 
which were operated on at various times between the 11th and 16 th days 
of pregnancy. Two of these animals aborted as the result of the operation, 
and most of the others showed partial resorption of the uterine contents. 
In only one was pregnancy normal. 

4 — Oestrus did not occur in seven lactating animals that were left with 
their litters after destruction of the corpora lutea of both ovaries. Oestrus 
reappeared within 6 days in five lactating animals that were weaned soon 
after the same operation. 

These facts are discussed in relation to accepted views concerning the 
inhibition of oestrus during pregnancy and lactation. 
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The Effect of Sex Hormones on Lactation 
in the Rat 
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National Institute for Research in Dairying, University of Reading 

{Communicated by A. S. Parkes, F.R. 8 .—Received 20 October 1937) 

iNTRODtrOTION 

Tiie meolianism which secures the onset of full lactation at about the 
time of parturition has long been under investigation. It was once 
believed that during the gestation period when the mammary gland is 
undergoing development, lactation was restrained by some inhibitor, the 
influence of which was removed at parturition, the stimulus of lactation 
being regarded as of a negative character, that is, merely the removal of an 
inhibition. The important discovery of Strieker and Grueter (1928) that 
the anterior lobe of the hypophysis is the source of a lactpgenic hormone, 
prolactin, which provides a positive lactation stimulus has necessitated 
modification of the earlier view. It should be emphasized that the influence 
of the hypophyseal lactogenic hormone must be operative to some extent 
during pregnancy, since numerous histological and cytological studies (e.g. 
that of Weatherford (1929) on the rat) have shown that mammary secretion 
begins in the latter half of pregnancy. This is well illustrated by the fact that 
in late pregnancy considerable quantities of a secretion containing the 
typical milk constituents can be obtained, by regular milking, from the 
udders of cows pregnant for the first time (Asdell 1925). The results of 
Cutler and Lewis (1933) indicate from another angle that the secretory 
phase of the lactation cycle begins in mid-pregnancy, since by the comple¬ 
ment-fixation reaction they could always detect caseinogen in extracts of 
the udders of pregnant heifers after the 24th week of gestation, but in no 
case before the 20th week. 

The great increase in the rate of milk secretion which follows parturition, 
indicates, however, either that during pregnancy some influence is operative 
which partially inhibits lactation or else that during this period the lactation 
stimulus is only partial. In agreement with the former alternative is the 
fact that in the cow pregnancy hastens the normal decline in lactation, the 
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depressing effect of pregnancy coining into evidence at about the 5th month 
(Hammond and Sanders 1923; Ragsdale, Turner and Brody 1924). It is 
interesting to recall that in 1926 , Gaines and Davidson were of the opinion 
that the accelerated decline in lactation due to pregnancy was due to the 
operation of a then hypothetical depressing hormone. 

The hypothesis of Gaines and Davidson has its more modern counterpart 
in that of Nelson (see Nelson 1936), who on the basis of extensive experi¬ 
ments has advanced the theory that lactation is inhibited during pregnancy 
by the oestrogenic hormones of the ovary and placenta, the concentration 
of which in the blood, as is evident from the work of Ascheim and Zondek 
(1927) and Nibler and Turner (1929) on the urinary excretion of oestrogenic 
hormones during pregnancy, progressively increases during the gestation 
period. According to this theory, with the faU in the blood level of the 
oestrogenic hormones which occurs at parturition the inhibition is removed 
and lactation begins. The inhibition is visualized as operating (a) by in¬ 
hibiting the secretion of the lactogenic hormone by the anterior pituitary, 
and possibly (6) by a direct action on the mammary gland. In support of 
this theory may be cited the considerable amount of evidence which exists to 
show that lactation is inhibited by administration of oestrogenic hormones. 
This has been demonstrated by Parkes and Bellerby (1926-7), de Jongh 
(1933) and Robson (1935) in the mouse, Hain (1935) in the rat, Smith and 
Smith (1933) in the rabbit. Nelson (1934) in the guinea-pig, and PoUey 
(1936) and Waterman, Freud and Vos-de-Jongh (1936) in the cow. 

Anselmino and Hoffmann (1936) claim that while lactation, as judged by 
the growth rates of suckling young, is inhibited in intact lactating rats by 
daily injections of oestrogenic hormones, no inhibition is induced by 
administration of similar daily doses to rats ovariectomized shortly after 
parturition. They have, therefore, put forward the view that the effect of 
oestrogenic hormones on lactation is indirect and, in fact, by way of the 
ovary, the real inhibitor being a substance produced by the corpora lutea, 
the formation of which is promoted by the oestrogenic hormones. In this 
connexion it may be noted that Devoid, Hisaw and Greep (1936) report an 
increase in the luteinizing power of the anterior pituitary following admin¬ 
istration of oestrogenic hormones, while Hohlweg (1934)9 Selye, CoUip and 
Thomson (1935 ^3^) and others have found that formation of large numbers of 
corpora lutea is promoted in the ovaries of non-pregnant rats by treatment 
with oestrogenic hormone. De Jongh (1933), however, reported results 
quite opposite from those of Anselmino and Hoffmann. Working with mice, 
he reported inhibition of lactation following oestrogenic hormone administm- 
tion both in intact and in two cases, ovariectomized animals, while ovari- 
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ectomized controls which received injections of the oil used for dissolving 
the oestrogenic hormone were able successfully to rear their young. 
De Jongh concluded from his experiments that the corpus luteum does 
not inhibit lactation. 

Nelson’s theory does not exclude the possibility that the corpus luteum 
may contribute to the inhibition of lactation during pregnancy. A certain 
amount of evidence exists which suggests that this may be the case. Thus 
Drummond-Eiobinson and Asdell (1926) foimd that ablation of the corpora 
lutea in the pregnant goat was quickly followed by milk secretion provided 
the operation was performed sufficiently late in pregnancy for the mammary 
lobule-alveolar system to have developed. The experiments of Hammond 
(1917) point to a similar conclusion. Donahue (1934) brought about 
luteinization of the ovaries of multiparous rabbits by injections of “an¬ 
terior pituitary-hke” hormone. Development of the mammary glands 
occurred and milk secretion eventually set in. Laparotomy at the onset of 
lactation established the fact that the corpora lutea had degenerated., 
further, Selye, Collip and Thomson (1933) reported that removal from 
non-pregnant rats , of the luteinized ovaries resulting from injections of 
“anterior pituitary-like” hormone resulted in milk secretion provided the 
hypophysis was intact. Anselmino and Hoffmann (1936), however, are of 
the opinion that though a lactation inhibitor is present in corpus luteum 
extracts it is not the hormone which induces endometrial proliferation, 
since, though inhibition of lactation in rats was caused by injections of 
relatively crude corpus luteum extracts, more purified preparations exerted 
no inhibitory effect. 

In view of the radical disagreement between the results of Anselmino 
and Hoffmann (1936) and of de Jongh (1933) in respect of the effect of 
oestrogens on lactation in gonadectomizied animals, it was decided to re¬ 
examine this question in the light of the possibility that while the dosage 
of oestrogenic hormone used by Anselmino and Hoffmann might be just 
sufficient to inhibit lactation in the presence of the ovary, a somewhat higher 
dosage might be necessary to induce inhibition in its absence. At the same 
time, the availability of pure crystalline progesterone provided an oppor- 
tumty of determining directly whether or not this hormone is an inhibitor 
of lactation. 

Recent work on androgenic substances has shown that many androgenic 
substances in relatively high doses are capable of affecting the female 
accessory reproductive organs in a similar manner to the female hormoties 
{see Koch 1937 and Marrian and Butler 1937), In particular, testosterone, 
in addition to causing opening of the vagina in the immature rat (Deansley 
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and Parkes 193^) mucification in the ovariectomized adult rat, has been 
shown by Selye, MoEuen and CoUip (1936) to be capable of causing growth 
of the mammary ducts in normal and gonadectomized male and female 
rats. Since testosterone can thus affect the mammary gland in a like manner 
to oestrogenic hormones, the role of which in promoting the growth of the 
mammary ducts has been established by numerous workers (see Turner 
1932; Nelson 193^)5 considered of interest to compare the action of 

testosterone on lactation with that of oestrogenic hormones. In order to 
provide an interesting comparison it was decided to include androsterone 
in the investigation, since from the work of Deansley and Parkes (1936) and 
others, androsterone appears to possess little gynaecogenic activity, 
Eecently, Robson (1937), in a preliminary communication, has reported 
that testosterone propionate causes a definite inhibition of lactation in 
the mouse, while androsterone has little if any such action. 

ExPEEIMENTAIi * 

Experimental Animals and Method of Studying Lactation —^Female rats 
from the colony maintained in this Institute were used for this work. The 
colony consists of hooded Norway rats and has been in existence for seven 
years, during which time it has been kept under uniform conditions of 
housing and diet. 

In this work the chief criterion of the efficiency of lactation was provided 
by the slopes of the growth curves of sucklings, additional information on 
this point being given by changes in the weight of the mothers (since a loss 
in body weight under the conditions of these experiments probably indicates 
involution of mammary tissue) and also by the number of deaths (from star¬ 
vation) among the young. Within 24 hr. of parturition the litters, if larger, 
were reduced to eight, an even distribution between the sexes being main¬ 
tained where possible. In cases where a number of rats littered on the same 
day it was possible to bring small litters up to eight by the transfer of young 
from larger litters. The indirect method of studying lactation adopted in 
these experiments proved satisfactory, since, until the eyes of the young 
open at about the 14 th to 16 th day post-partum, the latter do not partake 
of the food of the mother. By that time the results were of such a defimte 
nature that it was unnecessary to feed the mothers in cages separate from 
their young as recommended by Kozlowska, McCay and Maynard (1932). 
The combined young of each sex in each litter were weighed each morning 
from the beginning of the experiment to weaning at the 21st day post¬ 
partum, at approximately the same time. 
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For each treatment groups of four rats were used wherever possible. 
Table I shows the age of each of the experimental rats together with the 
number of lactations undergone including the lactation studied. 


Table I 


Age of mothers 

Group no, months 


Number of 
lactation 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


10 , 10 , 10 , 10 
10 , 10 , 10 
10 , 10 , 10 , 10 
10 , 10 , 10 , 10 
13, 13, 10, 10, 10, 10, 10 
13, 10, 10, 10 
10 , 10 , 10 , 10 
10 , 10 , 10 
8 , 8 , 8 , 8 
8 , 8 , 8 , 8 


2, 2, 3, 3 
2 , 2,2 
2, 3, 2, 3 

2, 3, 3, 3 

3, 4, 3, 3, 4, 2, 3 
3, 3, 3, 2 

3, 3, 2, 2 
3, 3, 2 
2 , 2 , 2 , 1 
1 , 2 , 2 , 1 


In the experiments on gonadectomized rats the animals were ovariec- 
tomized by the dorsal route under Avertin anaesthesia (1 ml. of 2 | % 
Avertin/lOO g. body weight intraperitoneally) on the day following par¬ 
turition. 


Injections —The substances used were oestradiol monobenzoate, pro¬ 
gesterone, testosterone propionate and androsterone. The first-named 
substance was actually a mixture of isomerides differing from each other by 
the stereochemical configuration of carbon atom 17 , 6-7 mg. of which are 
equivalent in oestrogenic activity to 6 mg. of the international standard of 
oestradiol monobenzoate. The hormones were injected subcutaneously in 
solution in sesame oil with the exception of progesterone which was injected 
intramuscularly in arachis oil. In some experiments twelve daily injections 
were given begianing on the 5 th day post-partum, while in the remainder of 
the experiments the daily injections began on the day following parturition 
and continued until the 20th day post-partum, i.e. the day before weaning. 
AU experiments included control rats injected with sesame oil. The 
experiments were so arranged that the daily volume of oil or solution of 
hormone in oil was always 0-2 ml. 


Rbsttlts 

Comparison of the Effects of Oestradiol Monobenzoate, Testosterone Pro- 
pionate and Androsterone on Lactation in the Intact Sat —^In all the experi¬ 
ments dealt with in this section daily injections were begun on the 5th day 
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post-partum, and continued until the 16 th day. In Table II are given data 
relating to the four groups of rats used in this experiment. 

Table II 


No. of 


Total no. young Change in 

of young at which died weight of mothers 
beginning of during from beginning 


Group 

Treatment' 

No. of experiment 
rats in 

experiment 

of injections 
to weaning 

no. 

group 


$ 

'TT" 

g- 

1 

0*2 ml. sesame 
on daily 

4 

15 

15 

0 0 

+14,-f-10,-1,-14 

2 

Equivalent of 

1 mg. oestra¬ 
diol monoben¬ 
zoate daily 

3 

8 

15 

8 12 

-18,-49,-59 

3 

1 mg. testoster¬ 
one as pro¬ 
pionate daily 

4 

11 

17 

0 0 

-h23, + 17,+8,+5 

4 

1 mg. andro- 
sterone daily 

4 

18 

11 

0 0 

-b 30, + 9, + 5, 4“ 5 


In fig. 1 are shown the average growth curves for the pooled litters of the 
groups of rats receiving oestradiol monobenzoate, testosterone propionate 
and sesame oil. 

The growth curves in fig. 1 show quite clearly the strongly inhibitory 
effect of oestradiol monobenzoate in high dosage on lactation in intact rats. 
This result is in general agreement with the earlier work referred to above. 
It is also evident from the curves that testosterone propionate in the dosage 
given, which is relatively high for rats weighing about 300 g., exerts a marked 
inhibition upon lactation as was found by Robson {1937) to be the case for 
mice. Under the conditions of this experiment, however, it is clear that the 
effect is not so marked as the inhibition due to administration of oestradiol 
monobenzoate. This is brought out not only by the difference in the slopes of 
the respective growth curves, but also strikingly by the fact that while nearly 
90 % of the young of the oestradiol monobenzoate injected rats died before 
weaning, the rats receiving testosterone propionate were able to rear aH their 
young. 

Examination of column 6 of Table 11 shows that the rats receiving 
injections of oestradiol monobenzoate showed considerable losses in weight 
during the course of injections, though by contrast the rats receiving testo¬ 
sterone propionate aU gained weight. Halpem and D’Amour (193^) 
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that continued injections of lower doses of oestrogenic hormones than were 
given in the above experiments did not cause very marked changes in body- 
weight in the rat. Zondek (1936) on the contrary observed loss of body weight 
in male rats given oestrogenic hormone injections. In our experiments it is 


45 r 



Fia. 1—^Average growth onrves for pooled litters. 

- Mothers injected with 0*2 ml. sesame oil daily from the 5th to the 16th 

day post-partmn. 

X - X Mothers injected with 1 mg. of testosterone as propionate in 0*2 ml. 

sesame oil daily from the 5th to the 16th day post-partmn. 

o-o Mothers injected with the equivalent of 1 mg oestradiol monobenzoate ia 

0*2 ml. sesame oil daily from the 6th to the 16th day post-partum. 

+ signifies the death of one member of the litters of mothers receiving oestradiol 
monobenzoate. 
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qiiite probable that some, at any rate, of the marked loss in body weight 
shown by the rats injected with oestradiol monobenzoate is largely due to 
the mammary gland involution which must accompany the inhibition of 
lactation. 

The curve for the rats injected with androsterone is for clarity shown 
together with that for the controls in a separate diagram, fig. 2. It is in¬ 
teresting to find that androsterone, an androgenic substance which does not 



Fio. 2—Average growth curves for pooled litters. 

- Mothers injected with 0*2 ml. sesame oil daily from the 6th to the 16th day 

post-partum. 

□ □ Mothers injected with 1 mg. androsterone in 0*2 ml. sesame oil daily &om 

the 6th to the 16th day post-partum. 
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appear to possess such strongly marked gynaeoogenio properties as a 
number of other androgens, exerted no inhibitoiy action on lactation in 
the high dosage given. 

Comparison of the Effect of Oestradiol Monobenzoate on Lactation in the 
Intact and Ovariectomized Rat—In these experiments daily injections began 
on the day following parturition and continued until the 20th day post¬ 
partum. The rats comprising the gonadectomized groups each received its 
first injection immediately following ovariectomy. Relevant data are given 


in Table III. 

Table III 

Total no. 
of young at 
beginning of 
No. of experiment 

No. of 
young 
which died 
during 
experiment 

Change in 
weight of mothers 
from beginning 
of injections 

Group 

rats in 


,_»—. 

to weaning 

no. 

Treatment group 

^ $ 


g- 

5 

0*2 ml. sesame 7 

oil daily (not 
ovariectomized) 

29 25 

2 0 

-f- 24, 23, -f* 20, -j-12, 

-h7,4-6, + l 

6 

0*2 ml. sesame 4 

oil daily 
(ovariectomized) 

16 15 

1 0 

-f- 25, ■+• 16, — 3, — 4 

7 

Equivalent of 4 

1 mg. oestra¬ 
diol monoben¬ 
zoate daily (not 
ovariectomized) 

15 13 

8 9 

-.‘28,-40,-44,-64 

8 

Equivalent of 3 

1 mg. oestra¬ 
diol monoben¬ 
zoate daily 
(ovariectomized) 

11 12 

0 0 

-40,-44,-63 


The average growth curves for the combined young of each group are 
shown in fig. 3 . 

Comparison of the two curves relating to the groups of rats receiving 
sesame oil and also of the curves relating to the two groups of rats receiving 
oestradiol monobenzoate shows that the operation caused a temporary 
check in lactation. This check was, however, very short-lived and less serious 
than might have been expected. The results clearly indicate that admin¬ 
istration of high daily doses of oestrogenic hormone to lactating rats causes 
inhibition of lactation in the absence of the ovary as well as in its presence. 
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Fig. 3 —^Average growth curves for pooled litters. 

- Mothers injected with 0-2 ml, sesame oil daily from the 1 st to the 21 st day 

post-partum. 

. Ovariectomized mothers inj'ected with 0*2 ml. sesame oil daily from the 1 st 

to the 21st day post-partum. 

o-o Mothers injected with the equivalent of 1 mg. oestradiol monobenzoate 

in 0-2 ml. sesame oil daily from the 1 st to the 21 st day post-partum. 

o - - - - o Ovariectomized mothers injected with the equivalent of 1 mg. oestradiol 
monobenzoate in 0*2 ml. sesame oil daily from the 1st to the 21st day post¬ 
partum. 

+ signifies the death of one member of the litters of mothers receiving oestradiol 
monobenzoate. 
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What is most interesting, however, is that with equal daily doses of oestro¬ 
genic hormone the inhibition is much less marked in ovariectomized animals 
than in those with intact ovaries. This is brought out by the difference in the 
slopes of the growth curves for the two groups and also by the figures given 
in Table III which show that while about 60 % of the young of the non- 
ovariectomized rats treated with oestrogenic hormone died during the 
experiment, none of a total of thirty young of the ovariectomized group died 
before weaning. The following considerations further emphasize this point. 
Comparison of the growth curves corresponding to the two groups of rats 
receiving sesame oil injections shows that, due to the effects of the operation 
on TYn1k secretion, the young of the ovariectomized mothers are throughout 
the experimental period lighter in weight than the young of the non- 
operated rats. A similar effect is initially shown by the growth curves for 
the two groups of rats receiving oestradiol monobenzoate, but in spite of 
this initial disadvantage the young of the ovariectomized group soon surpass 
those of the unoperated group in body weight. Further, as the litters of the 
intact rats receiving oestradiol monobenzoate become progressively reduced 
by deaths, the proportion of milk available for each survivor increases. In 
addition, the surviving young are presumably the most vigorous, so that 
on both counts reduction of the litters by deaths should result in accelerated 
growth of the survivors as indeed inspection of the curves shows to be the 
case. Even so, however, the average body weight of the young of the ovari¬ 
ectomized rats receiving oestradiol monobenzoate is greater at weaning 
than that of the young of the intact mothers. 

In ovariectomized rats, therefore, lactation is much less sensitive to the 
inhibitory influence of injected oestrogenic hormones than in the case of 
those with intact ovaries, and it may be inferred that in order to obtain an 
equal degree of inhibition in the two cases, a considerably larger daily dose 
is necessary for ovariectomized rats than for intact ones. It therefore seems 
justifiable to conclude that the dosage of oestrogenic hormone used by 
Anselmino-and Hoffmaim (1936), while sufiBicient to inhibit lactation in the 
presence of the ovary, fell short of that necessary in its absence. 

The marked decrease in body weight in the two groups of rats receiving 
oestrogenic hormone in contrast to the almost uniform increases in the 
other two groups is noteworthy. 

The Effect of Progesterone on Lactation in the Rat^—Two groups of four 
rats were used in this experiment, daily intramuscular injections beginning 

* A pr elimin ary account of this experiment was published as a letter in Nature 
(FoUey and Kon 1937 )- 
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on the 5 th day from parturition and ending on the 16 th. The data relating 
to the experimental animals are given in Table IV. 

Table IV 


No. of 


Group 


Total no. 
of yoxmg at 
beginning of 
No. of experiment 
rats in . 

young 
which died 
during 
experiment 

Change in 
weight of mothers 
from beginning 
of injections 
to weaning 

no. 

Treatment 

group 

d $ 

'VT' 

g- 

9 

0*2 ml. sesame 
oil daily 

4 

14 15 

0 1 

4 -12, + 9, -f 7, 4- 6 

10 

1 mg. proges¬ 
terone daily 

4 

17 17 

0 1 

4-24, 4-18,4-15,+ 12 


Average growth curves for the total young of the two groups of rats are 
plotted in fig. 4 . 

These results provide no evidence whatever that progesterone given in 
quite high dosage causes inhibition of lactation. In this respect this experi¬ 
ment supports the contention of Anselmino and Ho£6nann (1936) that the 
hormone which causes uterine endometrial proliferation does not inhibit 
lactation. It is equally clear from these results that progesterone has no 
galactogogue action under the conditions of these experiments. Frei and 
Griiter (1929) reported that injections of corpus luteum extract exerted 
a favourable effect on lactation in the cow, but the results of our experi¬ 
ments indicate that, unless the reaction of the cow is in this respect different 
from that of the rat, the galactogogue concerned in Frei and Griiter’s experi¬ 
ments could not have been progesterone. 

Discussion 

In spite of evidence from such experiments as those of Ham m ond (1917) 
and Donahue (1934) on the rabbit, Drummond-Robinson and Asdell (1926) 
onthegoatandofSelye, Collip and Thomson (1933) on the rat, that removal 
of luteal influence is followed by the onset of lactation, the experiments 
described in this paper make it clear that in the rat, at any rate, progesterone 
has no inhibitory effect on established lactation. Since the oestrogenic 
hormones of the ovaoy and placenta strongly inhibit lactation even in 
absence of the corpus luteum it is unnecessary to assume, as did Anse lmino 
and Hoffmann (1936), that the corpus luteum, in addition to secreting 
progeSsterone, is the source of another substance which has the property of 
inhibiting lactation. 
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It is interesting to note that the power of producing development of 
mammary ducts appears to go hand in hand with the ability to inhibit 
established lactation. Thus in addition to the follicular hormones oestrone, 
oestriol and oestradiol which as is well known possess both the above- 
mentioned physiological activities, testosterone, which was found by Selye, 
McEuen and CoUip (1936) to cause mammary growth in the rat, is also an 
inhibitor of lactation, while androsterone, which according to Nelson and 
Gallagher (1936) does not produce mammary development, has no inhibitory 



10 15 20 

Days from parturition 

!Fig. 4 —Average growth curves for pooled litters. 


-Mothers injected with 0*2 ml. sesame oil daily from the 5th to the 16th day 

post-partum. 

c o Mothers injected with 1 mg. progesterone dissolved in 0*2 ml. arachis oil daily 
from the 5th to the 16th day post-partum. 
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action on lactation. Further, progesterone, unless administered simul¬ 
taneously with oestrogenic hormone to animals previously sensitized by 
oestrogenic hormone administration, causes no mammary growth (Turner 
and Schultze 1931; Turner and Frank 1932), neither does it, as our experi¬ 
ments show, inhibit lactation. It would be interesting to determine whether 
or not the simultaneous administration of progesterone and oestrogenic 
hormone would augment the inhibitory effect of the latter on lactation. 
The results which appear in fig. 3 indicate that this might be the case, since 
the decreased sensitivity of spayed rats to lactation inhibition by oestradiol 
monobenzoate might be due not to the loss of follicular influence but rather 
to the loss of the corpora lutea. Experiments on this point are projected. If 
they did prove that progesterone, wMle possessing no power of inhibiting 
lactation itself, was capable of augmenting the inhibitory action of oestro¬ 
genic hormone, the findings of Hammond (1917), Drummond-Robinsonand 
AsdeU (1926) and Donahue (1934) would also become more intelligible. 

The mechanism by which the inhibitory effect of oestrogenic hormones 
operates is at present largely a matter of speculation. Nelson (1936) quotes 
evidence obtained by him which indicates that oestrogens inhibit lactation 
by suppressing the secretion of the lactogenic hormone by the hypophysis. 
Reece and Turner (1937), however, claim that oestrogens do not suppress 
the secretion of the hypophyseal lactogenic hormone during pregnancy, since 
the lactogenic hormone content of the pituitaries of pregnant rats was 
estimated by them to be lower than that of oestrous females, while injection 
of oestrogens into spayed female rats increased the lactogenic hormone 
content of their pituitaries over that of controls. 

FoUey and White (1937) have shown that the enlargement of the pigeon 
crop gland due to prolactin injections, a physiological respond which was 
discovered by Riddle and Braucher (1931), be considerably mhibited 
by simultaneous administration of oestrogenic hormones. This, at first 
sight, would seem to provide independent evidence that oestrogens inhibit 
lactation by virtue of their ability, partially at any rate, to ‘^antagonize” 
prolactin. Actually the results of Folley and White do not provide conclusive 
evidence of this however, since there is reason to believe that the pituitary 
is involved in the response of the pigeon crop gland to prolactin. Gomez 
and Turner claimed that prolactin has no effect on the crop gland of 

the hypophysectomized pigeon, while later, Schooley, Riddle and Bates 
(1937) found that while hypophysectomy does not entirely destroy the 
crop gland response to prolactin it partially inhibits it. 

In the light of what has been said above, it is very possible that the 
problem of whether or not oestrogenic substance inhibit lactation by way 
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of the pituitary is bound up with the question of the path by which they 
promote growth of the mammary gland. The position with regard to this is 
at present far from clear. Some workers (Ruinen 1932; AsdeH and Seiden- 
stein 1935; Freud and de Jongh 1935; and Nelson 1935) have been able 
experimentally to induce mammary growth in hypophysectomized animals 
by treatment with ovarian hormones, while, on the other hand, Selye, CoUip 
and Thomson (19356), Reece, Turner and Hill (1936) and Gomez and Turner 
(19366) were unable to do so. Gomez, Turner, Gardner and Hill (1937) 
point out that mammary growth may be stimulated in “hypophysectom¬ 
ized” male mice if pituitary fragments remain from the operation. This may 
possibly provide an explanation of the above disagreement., Gomez, Turner 
and Reece (1937) claim that mammary growth can be stimulated in com¬ 
pletely hypophysectomized male guinea-pigs by implantation of pituitaries 
from donor rats which have been given mjections of oestrogenic hormones, 
while implantation of pituitaries from control rats fails to stimulate mam¬ 
mary growth. This work opens up the possibility that under the influence of 
oestrogenic hormones the hypophysis secretes a substance, other than 
prolactin, which is capable of stimulating mammary growth and at the 
same time of inhibiting lactation. If this possibility were proved true it 
would provide an explanation for the puzzling results of Comer (1930) who 
caused mammary development in gonadectomized female rabbits which 
had never been in oestrus, by injections of anterior pituitary extract. 

It is a pleasure to acknowledge our indebtedness to the following for 
generous gifts of material: Dr A. N. Macbeth of Organon Laboratories for 
progesterone. Dr K. Miescher of Ciba, Ltd., for testosterone propionate 
and Dr H. Neumaim of Schering, Ltd., for Progynon B Oleosum Forte. 

StTMMABT 

1—A dmini stration of oestradiol monobenzoate (approximately 0‘3 mg. 
per 100 g. body weight daily) to intact lactating rats causes a marked 
inhibition of lactation. 

, 2—^In rats ovariectomized on the day following parturition, the in- 
■hibitory effect of similar doses of oestradiol monobenzoate, while definite, 
was much less marked. 

3 —Testosterone propionate (approximately 0'4 mg. per TOO g. body 
weight daily) administered to lactating rats also inhibited lactation, while 
progesterone and androsterone in doses of approximately 0‘3 mg. per 100 g. 
body weight daily had no effect on lactation. 
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4 — Rats ovariectomized on the day following parturition and then given 
daily injections of sesame oh lactated satisfactorily. 

5 — The bearing of these results on the theoretical aspect of lactation is 
discussed. 
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Pro-gonadotropic Sera 

By I. W. Bowlands 

From the National Institute for Medical Research, Hampstead, N.W. 3 
{Communicated by A. S. Parhes, F.B.S.—Received 20 October 1937 ) 

In examining the interaction of a large number of gonadotropic extracts 
and antigonadotropic sera (Rowlands 1937), two cases were observed where 
the serum of animals chronically injected with gonadotropic extracts had 
the effect, not of inhibiting, but of augmenting the action of the corre¬ 
sponding extract on test rats. This effect was produced by the serum of a 
sheep which had received a course of injections with extract of sheep 
pituitary, and by that of a goat receiving pig pituitary extract. Collip 
(1937) has shown that the serum of sheep injected with sheep pituitary 
extract augments the action of the injected extract in test rats. A similar 
result was obtained by Thompson (1937 a), who found that the serum of 
dogs and a horse after injection of extracts of sheep pituitary showed tem¬ 
porary pro-gonadotropic activity. One of the explanations suggested by 
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Thompson was based on the possibility that the gonadotropic antagonist 
(Evans and others 1936; Freud 1937) is antigenic, and that the augmenting 
sera contain a predominance of antibody against the antagonist. 


Methods 

Extracts —^An extract of acetone-desiccated sheep anterior pituitary was 
made by three successive extractions with 20 voL of 70 % alcohol at 
8-5-9. The supernatant fluid, after centrifuging, was acidified to 5*5, 
and the extract precipitated with 3 voL of alcohol. The precipitate when dry 
(AP 34 B) represented 2 % by weight of original dry gland. Another sheep 
pituitary extract (AP 36 B) used in testing, was prepared in a similar manner, 
except that 60 % alcohol was used in the initial extraction. A pig pituitary 
extract (AP43D) and a horse pituitary extract (AP41D) were prepared 
from desiccated glands by four aqueous extractions at 8*5-9, the extract 
being precipitated by the addition of 5 voL of alcohol. The ox pituitary 
extract (AP 15 B) used has been previously described (Parkes and Rowlands 

1936) . The extract of human urine of pregnancy (UP 10) was that assayed 
by Deanesly (1935). 

Commercial preparations used included Antex Leo (PMS 3), an extract 
of pregnant mare serum (Levens Kemiske Fabrik), and Ambinon (AP51), 
a pig pituitary extract (Organon Laboratories). 

Animals used in production of serum —^An adult castrated ram (sheep 4), 
was injected subcutaneously daily with 100 mg. (about 1*5 g. dried gland) 
of the sheep pituitary extract AP 34 B from 10 November 1936 to 25 Jan¬ 
uary 1937; subsequently the daily amount injected was increased to 
150 mg. for a further period of 9 weeks to 29 March 1937. Blood samples 
were taken from the sheep at intervals and after the 19 weeks of injections 
the animal was bled on 30 March 1937 under anaesthesia from the carotid 
artery; approximately 750 c.c. of serum were obtained. The serum was Seitz 
filtered and kept in cold storage. 

An adult goat (goat 2) was injected in a similar manner with 100 mg. of 
pig pituitary extract (Ambinon) for 14 weeks (3 December 1936—15 March 

1937) , followed by 170 mg. daily of the extract AP43 D for another month. 
The animal was then bled under anaesthesia (15 April 1937); 650 c.c. of 
serum were obtained and stored as that from the sheep. 

Tests applied —Two methods were used to observe the action of these 
sera in modifying the effects of gonadotropic extracts: 


21. 
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1— Groups of rats (40-50 g.) were injected once daily subcutaneously for 
5 days, and lolled 1 day after the last injection; the ovaries and uterus were 
fixed in Bouin’s fluid and weighed on a torsion balance from 70 % alcohol. 
The weight of the ovaries of the normal rat at this body weight is about 
10 mg. Gonadotropic activity is revealed by growth to a weight in excess 
of this; antigonadotropic activity by hindrance of this growth promotion. 
Assay can be effected by determining the minimum dose of serum which is 
necessary to neutralize the effect of a particular dose of the gonadotropic 
extract. Except where otherwise stated, the extract and the serum were 
injected separately on opposite sides of the animal. It was in relation to 
this test alone that the two sera described in this paper were found to have 
an augmenting action. 

2— Groups of ten oestrous rabbits were injected intravenously and 
examined next day for the occurrence of ovulation, by the technique of 
Hfil, Parkes and White (1934). It will be seen that neither serum had an 
augmenting effect on gonadotropic activity thus assessed. 

The sera were also tested against the thyrotropic activity of the corre¬ 
sponding extracts by observing the effect on the weight of the thyroid 
glands in groups of female guinea-pigs of 200 g. body weight, receiving daily 
injections for 5.days (Rowlands and Parkes 1934). 

I— ^Effect of the gostadoteopio bxtbaots alone ’ 

The responses produced by the various gonadotropic extracts alone are 
shown in Tables I and IV, in the lines where the serum given is entered as 
“none”. Erom these tables it will be seen that the sheep and pig pituitary 
extracts are but poorly active even in large doses, while the ox pituitary 
extract shows only the slightest activity. The horse pituitary extract is, 
however, highly active. 


H—^Effect of addition of noemal seeitm 

In view of the evidence that normal serum and several non-specific tissue 
extracts can increase the effectiveness of pituitary extracts (Evans, Simpson 
and Austin 1935; Cassida 1936; Hellbaum 1936; McShan and Meyer 1937) 
it was first necessary to find out to what extent any augmentatory effect 
of normal serum was due to the introduction of a large amount of foreign 
material affecting the rate of absorption of the extract. Experiments were 
therefore carried out on the effect of the injection of normal goat or sheep 
serum on the extracts used. The results are given in Table I. The normal 



Table I —^Thb Effect of Sbetjm, Injected in Diffebent Ways, on Sheep and Pig 
P rrUITABT ExTBAOTS, 1 O.C. of sebum was injected once daily fob 6 DAYS 
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sheep serum caused little increase in the response evoked by the sheep 
pituitary extract, but the normal goat serum clearly augmented that due 
to the pig pituitary extract (AP43D), increasing the ovarian response in 
the rat from 27 to 53 mg. Two other extracts of pig pituitary (AP 44 and 51) 
were not, however, augmented by the normal goat serum. The sheep 
pituitary extract AP 45 D was slightly affected by the normal goat serum. 
The most obvious explanation of these results is that, in spite of the separate 
injection, there is enough mixin g of the extract and the serum in the sub¬ 
cutaneous space to delay the absorption of the hormone, and thus to give 
the enhanced effect which can be obtained by multiple injections or by 
addition of a precipitant, such as zinc sulphate, to the solution. 

The next experiment, therefore, consisted of mixing the extract and the 
serum in the syringe before injection, so that the maximum mechanical 
effect might be exerted. With this modification the augmenting effect of 
normal sheep serum appeared to be greater than with separate injections, 
but the anomalous result previously obtained by the separate injection of 
normal goat serum and pig pituitary extract was not confirmed. Except 
for this anomalous result, the augmentation produced by normal sera was 
much less than that given by the sera from the sheep and goat receiving the 
pituitary extracts, which is the main subject of the investigation here 
recorded. 


in —Effect of abbitioiit of seba of aptimals which hab • 

EECEIVEB COTJBSES OF INJECTIONS 

a—Tesls on the Immature Rat 

The sheep ^rum was first tested for any augmenting effect on the action 
of sheep pituitary extract after about three months of daily injections; it 
was then found to augment the action of a saline extract of sheep pituitary 
(see Table 11). The serum by itself had no gonadotropic activity, since 
neither vaginal opening nor ovarian response occurred in rats injected with 
it alone (Table 11). 

The effect of various amounts of this serum on a constant amount of sheep 
pituitary extract is given in Table III, which shows that a fivefold augmen¬ 
tation of the activity of the extract is obtained in rats by the addition of 
a total of 5 c.c. of the serum to 15 mg. of the extract. 

The prolonged injection of the goat with pig pituitary extract was 
onginaJiy undertaken in the hope of producing anti-thyrotropic serum, but 
after SJ months the serum was tested for its effect on the gonadotropic 
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activity of the pig pituitary extract and was found to augment the response 
(Table IV) to a much greater degree than did normal goat serum. 

After showing that the serum of the sheep injected with sheep pituitary, 
and of the goat injected with pig pituitary, augmented the response of their 
respective extracts in rats, their effect on the same response, as produced 
by extracts of pituitaries of other species, as well as by extracts of pregnant 
mare serum and of human urine of pregnancy, were investigated. The 

Table II— ^Efeect of Sebum fbom Sheep 4 oh a 
Salihe Extract of Sheep Pituitary 

Average weight of rat organs 


Amouat of 
extract given 

No. of 

Amount 
of serum 

Period tested 
after first 

Ovaries 

Uterus 

(gO 

rats 

(c.c.) 

injection 

(mg.) 

(mg.) 

1-0 

5 

None 

— 

48 

48 

1*0 

5 

5 

3 months 

105 

57 

1-0 

5 

5 


78 

71 

None 

5 

5 


12 

22 


Table III— ^The Effect of Varying Amounts of Sheep Serum on a 
Constant Amount (15 mg.) of Sheep Pituitary Extract (AP36B) 

Average weight 




Average 

of rat organs 

Increase in 

No. of 



body weight 


- V 

weight of 

times ovarian 


No. of 

of rats 

Ovaries 

Uterus 

ovaay over 

response is 

Amount of serum (c.c.) 

rats used 

L (g.) 

(mg.) 

(mg.) 

normal (mg.) 

augmented 

None 

15 

57 

23 

32 

13 

— 

Sheep 4 2-5 

10 

51 

31 

44 

24 

1*8 

» 3-75 

10 

48 

40 

53 

30 

2-3 

„ 5*0 

10 

51 

76 

40 

66 

5*0 

Normal sheep serum 5-0 

5 

50 

30 

34 

20 

1-5 


results are shown in Table IV. It can be seen that the serum of the sheep 
receiving injections of sheep pituitary did not augment the activity of ofxj 
of the other gonadotropic preparations, nor did it show any inhibitory 
activity. The serum of the goat injected with pig pituitary extract, however, 
trebled the effect of the sheep extract, and produced a significant augmen¬ 
tation of the response given by ox pituitary extract which, if given alone, 
is relatively inactive on the rat ovary. This goat serum not only failed to 
augment the gonadotropic activity of horse pituitary, pregnant mare serum 
and an extract of human urine of pregnancy, as tested on the growth of rat 
ovaries, but it exerted a quite definite inhibitory effect. In other words, 
towards these extracts it shows the ordinary antigonadotropic activity 
which is usually evoked by the prolonged injection of gonadotropic extract. 



Table IV— The Eeebot oe a Constant Amottnt (6 c.o.) oe Sheep 4 and Goat 2 
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b—Tests on the Oestrous Rabbit 

The results obtained on the effect of these sera on the ovulation-producing 
capacity of sheep and pig pituitary extracts are shown in Table V. 

The serum of the sheep injected with sheep pituitary extract failed to 
alter, in either direction, the capacity of the sheep pituitary extract (AP 36 B) 
to cause ovulation in the oestrous rabbit. The serum of the goat injected with 
pig pituitary extract, however, considerably inhibited the power of this 
extract to cause ovulation, an effect not given by normal goat serum. It 
seems significant, therefore, that although these sera augmented the 
action of sheep and pig pituitary extracts in promoting ovarian growth in 
the immature rat, no such effect was observed of increasing the ovulation- 
producing capacity of the same extracts in the oestrous rabbit. Moreover, 
the goat serum which augmented the response of the pig extract in rats, 
inhibited the capacity of the same extract to cause ovulation in rabbits. 

Table V— ^The Effect of Serum from Sheep 4 ahb Goat 2 on the 
O vULATION-PRODXJCINO CAPACITY OF EXTRACTS OF ShEEP AND PiG 
PiTUITARIES ON OeSTROXTS RaBBITS 

Gonadotropic substance 

^^-——s Serum used Per- 


Nature 

Amount 

given 

Nature 

Amount 

(o.c.) 

No. of 
rabbits 
used 

centage 

ovula¬ 

tion 

AP36B (sheep) 

0-15 

None 

— 

10 

40 

99 

0*15 

Sheep 4 

4 

10 

30 

AP43D (pig) 

0-1 

None 

— 

10 

70 

99 

0-1 

Goat 2 

4 

10 

10 

99 

0-1 

Normal goat serum 

4 

10 

70 


c—The E^ffect of Sera on Thyrotropic Activity of Extracts 

The extracts of sheep and pig pituitary were respectively slightly and 
highly thyrotropic to the immature guinea-pig. The serum of the sheep and 
goat that had received courses of injections of pituitary extracts showed no 
signs of augmenting this activity. The goat serum, on the contrary, was 
slightly antithyrotropic. 


Discussion 

The treatment of a sheep with a course of injections of extract of sheep’s 
anterior pituitary lobe was originally undertaken with the object of testing 
whether, under such conditions, an antibody to one or another of the 
anterior pituitary hormones would be formed. AU the earlier evidence for 
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the formation of such antibodies had been obtained by injecting animals 
with extract from the pituitaries of another species, e.g. rats or rabbits with 
extracts of ox pituitary. If the antibody which appeared under these con¬ 
ditions was truly an immune body, as the evidence seemed to indicate, it 
was probable that it would not be formed, or that it would, at best, be 
formed much less readily, when an animal received injections of extracts 
from pituitaries of its own species. The results are in accordance with this 
expectation, in that the serum of the above sheep exhibited no obvious 
neutralizing effect on the action of any of the gonadotropic hormones, or 
other hormones of the anterior pituitary lobe of any species, so far as these 
were tested. On the other hand, the serum of the goat which had received 
a course of injections of pig pituitary extract, inhibited the gonadotropic 
activity of extract from horse pituitary, from the serum of pregnant mares 
and from human urine of pregnancy, as exhibited by the power of these 
extracts to cause growrbh of the ovaries and uterus of the immature rat. The 
goat’s serum inhibited also the gonadotropic activity of the pig pituitary 
extract used in producing it, when the test for this activity was made on the 
oestrous rabbit. It also exhibited some power to inhibit the thyrotropic 
action of anterior pituitary extracts. So far, then, the results show a sharp 
contrast between the absence of antihormone activity from the serum of 
the sheep injected with sheep pituitary, and the presence of such activity 
in the serum of the goat injected with pig pituitary. The results are in 
accordance with immunological expectation. They confirm Thompson’s 
(1937^^) results on sheep injected with sheep pituitary extracts, but differ 
from those of Collip {1937) who found that, with a long continued course of 
injections with sheep pituitary, the serum of a sheep, after an augmenting 
phase, eventually acquired an antigonadotropic action. The evidence 
hitherto available, from all three sources, shows that, in any case, the 
production of an antihormonal serum by injecting a sheep with sheep 
pituitary extract is a matter of much greater difficulty and imcertainty than 
the production of antisera to pituitary or analogous hormones by giving 
an animal a course of injections with extracts from an alien species. 

Much more difficult to interpret is the acquisition by certain sera of an 
augmenting lather than an inhibiting effect on a specific, gonadotropic 
activity of the pituitary extract used for the course of injections. According 
to Collip, as already mentioned, such an action was observed in the case of 
the serum of a sheep injected with pituitary extracts from the same species. 
Hie serum showing this augmenting action was only obtained during the 
earEer part of the course of injections and Collip found that later, even with 
the injection of iso-specific extracts, the augmenting effect is ultimately 
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replaced by an inhibiting effect. It has been shown by Thompson (i937^)j 
who injected sheep pituitary extract into dogs and a horse, and in the 
present work, by the injection of pig pituitary extract into a goat, that 
augmenting sera can result from allo-specific injections. 

There are other features of this augmenting action which need to be con¬ 
sidered in attempting to assess its significance. These are as follows: 

1 — It has been produced by the injection only of anterior pituitary 
extracts, and not of other gonadotropic extracts. 

2 — It has been demonstrated only on the gonadotropic activity of the 
pituitary body and not hitherto on any other pituitary hormonal activity, 
or on the gonadotropic activity of any other kind of extract. 

3— ^The action is further limited to that particular measure of gonado¬ 
tropic activity which is obtained by the use of immature female rats. It is 
the growth of the ovaries and uterus in such animals, under the influence 
of pituitary injections repeated during several days, which the serum 
augments. A serum, like that from the goat injected with pig pituitary, here 
described, may show a normal inhibition of the action of its evocative 
extract in causing ovulation in the rabbit, and yet augment the promotion, 
by the same extract, of the growth of the ovaries and the uterus in the 
immature rat. 

It is clear, therefore, that the augmentatory, or pro-gonadotropic action 
of such sera is on a very different footing from the antigonadotropic action 
shown by other sera, or even under different conditions by the same sera. 
There is now good reason for regarding the tohibiting constituent of the 
antigonadotropic sera as a true antibody in the immunological sense; but 
there is less reason for regarding the pro-gonadotropic principle as due to 
an immunity reaction. It must be remembered that a growth response, like 
that which gives the measure of gonadotropic activity in the rat test, is 
particularly susceptible to factors influencing the rate of absorption and ex¬ 
cretion of the exciting hormone, delay of absorption ficequently augmenting 
the response as thus measured. Some of these experiments suggest a minor 
augmentation by normal sera of the gonadotropic activity of pituitary 
extract as thus tested, presumably due to delay of absorption. It would not 
be difficult to suppose that the long-continued daily injection of pituitary 
extracts, apart from any formation of inhibitory antibodies which it 
might evoke, might cause some change in the serum which would intensify 
such a normal delaying action on absorption. 
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The fact that the augmenting activity appears only when the serum is 
given with sheep, pig and ox pituitary extracts and that the augmentation 
is much greater than can be obtained with normal goat or sheep serum, 
suggests that the effect is specific. If the specificity of the augmentatory 
effect is substantiated, it is likely that the fact that one and the same sample 
of serum may be antigonadotropic to one type of extract and pro-gonado¬ 
tropic to another, will find its explanation in connexion with the pituitary 
antagonist described by Evans and others (1936). If crude extracts of sheep 
and pig pituitary contain gonadotropic hormone and antagonistic sub¬ 
stance, and both are antigenic, then the antiserum may contain antibodies 
to both. If the antagonist is the better antigen, the antiserum may first 
become more potent in anti-antagonistic than in antigonadotropic action, 
and may thus increase the effectiveness of extracts containing much 
antagonist by neutralizing the latter to a greater extent than it neutralizes 
the gonadotropic hormone. On the other hand, gonadotropic preparations 
containing little or no antagonist (horse pituitary, pregnant mare serum 
and urine of pregnancy) would be more affected by the antigonadotropic 
power of such a serum, and would consequently be inhibited. The obser¬ 
vation of CoUip (1937) and Thompson (1937^) that the production of pro- 
gonadotropic serum is only temporary could be explained similarly, if the 
antigonadotropic substance in the serum were to increase as injections were 
continued, so that even if the serum neutralized the antagonistic factor, the 
neutralization of the gonadotropic substance would become predominant 
and inactivate the extract. 


Summary 

The serum of a sheep receiving a course of injections of extract of sheep 
pituitary did not show antigonadotropic activity, but possessed the power 
to augment the activity on test rats of an extract prepared from the same 
species. 

The serum of a goat injected with pig pituitary extract augmented the 
action of pig, sheep and ox pituitary extracts in promoting ovarian growth 
in the immature rat; at the same time, this serum inhibited the ovulation- 
produciag activity of the same extract of pig pituitary in the oestrous rabbit. 
The serum also inhibited the gonadotropic action on the rat ovary of 
extracts of horse pituitary, pregnant mare serum and human urine of 
pr^naney. 

This augmentatory action is perhaps explicable by reference to Evans’s 
pituitary antagonist. 
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The Specificity of Antigonadotropic Sera 

By I. W. Rowlands 

From the National Institute for Medical Research, Hampstead, N.W .3 
{Communicated hy A. S. Parkes, F.B.S.—Received 20 October 1937) 

The original work of CoUip and his colleagues on ‘"antihormones^’ has 
been confirmed in its main feature by many workers, and it is now clear 
that the prolonged injection of an extract containing a gonadotropic 
hormone into an animal of a different species leads to the recipient be¬ 
coming insensitive to its effects. At the same time, the serum of the 
recipient acquires the power to neutralize the antigenic extract in test 
animals. Since gonadotropic extracts can be prepared from all animal 
pituitaries so far examined, and from the blood serum of pregnant mares 
and women, as well as from human placenta and urine of pregnancy, a 
wide field of specificity investigation is opened up. 

Several groups of workers have reported on the specificity of antigonado¬ 
tropic substances, produced under varying conditions and in different 
species of animals. CoUip and his co-workers (CoUip 1934) showed that 
rats rendered refractory to gonadotropic extracts of non-human pituitaries 
may be sensitive to extracts of human urine of pregnancy. Muhmann 
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(1935a) produced in the rat an antiserum to human pituitary extract, 
which was found to neutralize not only the effect of the antigenic extract 
againstwhich it was prepared, but also that of an extract of human pregnancy 
serum. It did not, on the other hand, prevent the action of sheep pituitary 
extract administered to immature rats. In a later paper, Fluhmann 
(19356) records the preparation of an antiserum to an extract of human 
pregnancy serum, which did not inhibit human or sheep pituitary extract. 

An antiserum to a gonadotropic extract of pregnant mare serum was 
prepared in monkeys by Gustus, Meyer and Dingle (1935), which, although 
inhibitory to the extract against which it was prepared, would not signifi¬ 
cantly neutralize extracts of human pregnancy serum or of sheep or 
human pituitary. Thompson and Cushing (1937) found that the antiserum 
to extract of pregnant mare serum, prepared in a dog, would only partially 
inhibit the gonadotropic activity of an extract of sheep or pig pituitary, 
or of human urine of pregnancy. The serum of two dogs immunized with 
extract of sheep pituitary was less specific, and neutralized extracts of 
pig pituitary, human urine of pregnancy, human urine of menopause and 
pregnant mare serum. 

Twombly (1936) has shown that antiserum raised in rabbits, to a 
gonadotaropic extract of urine of patients with teratoma testis, inhibited 
the activity of human urine of pregnancy extract. Brandt and Gold- 
hammer (1936), also, found that antiserum to human urine of pregnancy 
extract will neutralize gonadotropic extracts firom the other naturally 
occurring sources within the human body, viz. placenta, pituitary and 
pregnancy serum. This antiserum, however, would not inhibit a gonado¬ 
tropic extract prepared from the serum of pregnant mares. On the other 
hand, G^erson, Clark and Kurzrok (1936) found that an antiserum made 
by injecting an extract of human urine of pregnancy neutralized the 
ovulation-producing activity of ox pituitary extract, but that an antiserum 
made by injecting the latter did not inhibit the urine of pregnancy extract. 
Both th^e antisera, however, inhibited extract of pregnant mare serum. 

Zondek and Sulman (1937) have recently studied the specificity of 
antigonadotropic sera. Their experiments, based on antisera to a gonado¬ 
tropic extract from human urine of pregnancy and to one from pregnant 
mare serum, lead them to conclude that there is a strict species-specificity 
and also a relatively high organ specificity. 

The present paper records an investigation into the specificity of anti¬ 
gonadotropic sera, made as a sequel to the early experiments described by 
Rowlands (1937 a). Some of the features of this work have been reported 
recently m atetraot (Rowlands 19376). 
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Material 

Extracts used to produce antisera —^Four different gonadotropic pre¬ 
parations were used for the production of antigonadotropic sera, viz. urine 
of pregnancy extract (‘Tregnyl pregnant mare serum extract (*'Antex ”)> 
ox pituitary extract and horse pituitary extract. 

The method of preparation of the ox pituitary extract by 50 % pyridine 
extraction (Fevold, Hisaw and Leonard 1931) has been previously described 
(Rowlands 1936). The horse pituitary extract was prepared in a similar 
manner. In both cases the extract was of such strength that 1 part of 
extract represented 50 parts of the corresponding fresh anterior pituitary 
substance. 

The production of antisera —^The data relating to the production of the 
antisera are shown in Table I. Injections were made subcutaneously once 
daily; the animals were bled once weekly after it had been shown that the 
serum was active. From each rabbit about 20 c.c. of blood was withdrawn 
from the marginal ear vein each week and from the goat about 200 c.c. 
Larger batches of serum were obtained when the animals were bled out at 
the end of the experiment. 

Table I— ^The method oe proditction of ai^tigoistadotropic sera 


Species 

injected 

Gonadotropic extract of 

Amount 
injected 
daily (mg.) 

Period of 
injections 
(months) 

Rabbit 

Ox pituitary (AP22B) 

25-0 

9 

» 

Horse pituitary (AP 25 B) 

10-0 



Pregnant mare serum (PMS2) 

O‘S-3'0 



Urine of pregnancy (UP 11) 

0-5 

8 i 

Goat 

Urine of pregnancy (UP 12) 

10 *0-20-0 

6 


Assay —^The most convenient assay method for this work is that based 
on weight changes in the ovary of the immature rat. Groups of five or ten 
female rats weighing 40-50 g. were injected once daily for 5 days and 
killed 24 hr. afterwards. The ovarii were decapsulated, fixed in Bouin’s 
fluid and weighed on a torsion balance from 70 % alcohol. Without treat¬ 
ment the ovaries weigh 10-12 mg. The horse pituitary extract, in a total 
dose of 5 mg., produced ovaries weighing about 66 mg. The urine of 
pregnancy extracts (UP 11 and UP 12) gave a nearly maximum response 
in the rat ovary with 0-25 mg., while a total dose of 2-5 mg. of the pregnant 
maie serum extract used (PMS2) produced ovarii weighing 29 mg. 

For many combinations of extracts and antisera teste were carried out 
on both immature rate and oestrous rabbits (see Table HI). Specific 
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reference to the rabbit experiments is made only when the results differ 
from those on the rat, or when, as with ox pituitary extracts, rat tests were 
impracticable. The test depending on ovulation in the oestrous rabbit con¬ 
sisted of a single intravenous injection of the extracts followed by a lapar¬ 
otomy 24 hr, later. The amount of ox pituitary extract necessary to produce 
ovulation in 50 % of a group of ten rabbits was about 1 mg. 

Other extracts used —Several other gonadotropic extracts were used in 
this work. Saline extracts of fresh sheep and pig anterior pituitaries were 
made by mmcing the glands and extracting twice with vigorously stirred 
saline for 2 hr. Extract equivalent to 1 g. of the fresh sheep pituitary 
injected over 5 days to a group of five rats produced ovaries weighing 
48 mg. Similar treatment with the same amount of pig pituitary yielded 
ovaries weighing 43 mg. The other sheep and pig pituitary extracts used 
in testing were made from acetone desiccated glands by three extractions 
with 7 Q% alcohol at pK 8, acidification of the extract to pK 6-5 and 
precipitation of the active material with three volumes of ethyl alcohol. 

Several gonadotropic preparations of human origin were used. Assay 
of each of these substances was performed on the immature rat. Two 
acetone desiccated human pituitaries (HP 3 and 4 ) from patients of 
60-65 years were used, and extract equivalent to 3 mg. of the dry powder 
produced an ovarian weight of 59 mg. A saline extract of fresh human 
pituitaries was also used, of which 25 mg. evoked ovaries weighing 69 mg, 
A saline extract of human placenta was made of which the equivalent of 
10 g. original tissue over a 5 -day period produced ovaries of an average 
weight of 67 mg. A similar extract of another placenta showed almost 
identical activity, A mixed batch of human pregnancy serum ( 4^6 months) 
WBs also obtained; a total of 1*5 c.c. given over a period of 5 days produced 
an average ovary weight of 34 mg. 

Results 

The efficierwy of the ardisera in inhibiting the effects of the gonadotropic 
against which they were prepared —^It was shown, in the first place, 
that each antiserum was capable of neutralizing the effect on test animals 
of the gonadotropic extract against which it was prepared. The minimal 
amount necessary to effect complete inhibition is shown in Table II. 

It is interesting to compare the activities of the two antisera prepared 
with extracts of human urine of pregnancy. The total amount of "'Pregnyl 
injected into the goat was nearly double, in proportion to the body weights, 
that received by each rabbit over a period of 5 months. The total activity 
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of antiserum obtained from each, can be represented by tbe equivalent 
amount of gonadotropic material. For the rabbit, the antiserum was 
equivalent to about half the gonadotropic material administered, while the 
goat antiserum was equivalent to about ten times the amoxmt given. The 
goat antiserum after 3 months’ injection (Rowlands and Parkes 1937) was 
equivalent to about twenty times the amount injected. 


Table II— ^The activity of the AHTicoHAnoTBOPic sera, tested 
ES r RATS, AGAINST THE IMMUNIZING EXTRACTS 


Antiseriun prepared 

Species 

prepared 

Amount of 
extract 
given to 
test rats 

Weight of 
ovaries of 
test rats 

Minimal 
amount of 
serum for 
complete 
inhibition 

against 

in 

mg. 

mg. 

c.c. 

UPll 

Rabbit 

1 

34 

0-25 

UP 12 

Goat 

1 

34 

0*0125 

Horse pituitary 

Rabbit 

5 

70 

0-5 

Pregnant mare serum 


2-5 

30 

0*5 


Two TYPES OF SPECmOITY 

From the records of the earlier investigations mentioned above, it is 
seldom possible to draw a clear conclusion as to which of two possible 
types of specificity might be involved in a particular differential effect. 
When, for example, it is shown that an animal, rendered immune to an 
extract from anterior pituitary of non-human origin, still reacts to an 
extract from human urine of pregnancy, we have no data for a decision 
whether the immunity discriminates between species, or between the 
pituitary and the urinary hormone. No test made of the neutralizing 
power of a serum, on the gonadotropic action of an extract made from an 
organ (or fluid) of a species both different from those which yielded the 
imimmizing extract, will provide evidence for such a decision. In these 
experiments each of the five antfeera available has been tested for its 
power of inhibiting the gonadotropic action of as many different extracts 
as possible, made from different organs and fluids of different species. The 
object has been to determine, in each case, the degree to which the neutra¬ 
lizing action shows two kinds of specificity; (1) species-specificity”—the 
d^ree to which the neutralizing action is limited to the particular species 
which yielded the iTnyminizing extract, or extends to the corresponding 
organ or fluid of other species; and (2) source-specificity”—^the d^ee 
to which it is limited to the particular organ* or fluid which yielded the 
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extract, or extends to gonadotropic extracts from other organs or fluids of 
the same as well as of other species. Tahle III shows the combined results. 

The detafled results for each serum, as regards its power of neutralizing 
the gonadotropic activities of a series of extracts as shown by two different 
biological reactions, are given in Tables V—XII. It will be evident that with 
a possibility of two types of specificity, either of whicji might be perfect, 
partial to any degree, or completely absent, and which might vary in the 
two tests, the interpretation of some of the results may be difiGLcult. Only 
if perfect specificity of one or of both types should be present will the 
results be clear. 

Serum 5 —glance at Table III will show that in the case of serum 
No. 5, obtained by immunizing rabbits against the gonadotropic hormone 
extracted from pregnant mare’s serum, the specificity of both types is 
perfect, so far as the tests can show. The antibody is ‘"species-specific” 
for the horse, in that it neutralizes the effect of the hormone from pregnant 
mare’s serum, but completely fails to neutralize that from' human serum, 
the only other pregnancy serum available for test. This serum is also 
“source-specific”, in that it neutralizes the gonadotropic hormone from 
mare’s serum, but has no effect on that from the horse’s pituitary body, 
which was the only other available source of gonadotropic hormone in that 
species. In this one instance, therefore, both types of specificity, as shown 
by the two biological reactions, are complete. 

Sera 1 and 2—These sera, prepared by immunizing rabbits and a goat 
against the gonadotropic substance extracted from human urine of preg¬ 
nancy, appear to show a complete “species-specificity”. In each case the 
serum was found to neutralize any gonadotropic hormone of human 
origin against which it was tested, including the extracts from the 
pituitary body (fig. 1), from pregnancy serum and from placenta, as well 
as that from the urine used for immunization. On the other hand, neither 
showed any inhibitory effect on any gonadotropic hormone from other 
species with which it was tested. The evidence would be more complete 
if the sera could be tested against urinary gonadotropic hormones from 
other specie; but hitherto none such has been discovered. So far as it 
goes, however, the evidence is for the complete “species-specificity” of 
these sera, and their equally total lack of “source-specificity”. 

Smkm 3 —^The serum produced by iimimiriiziTig rabbits against extract 
of horse pituitary gives reactions which are less easy to interpret. It will 
be seen that, in addition to horse pituitary extract, it is fully effective only 
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against the gonadotropic activity of an extract from mare’s pregnancy 
serum (fig. 2). To that extent it is “species-specific”, and this specificity is 
upheld by its failure to affect the gonadotropic activities of extracts from 
other imgulate pituitaries (see Tables V and X). The extract of pig pituitary 
prints a special case, in that its gonadotropic activity, as shown on the 
immature rat, fe apparently enhanced by this serum, as by the anti-pig 
pituitary serum produced in a goat (see Rowlands 1937c). On the other 
the serum shows a weak neutralizing action on the effects of an 
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extract from human pituitary (fig. 3 ), and of one from placenta, and a still 
weaker action of the same kind on the effects of extracts of human preg¬ 
nancy urine and human pregnancy serum. 

The weak neutralizing action on human pituitary extract might, by 
itself, suggest a vitiation of the species-specificity” of the serum by a 
^^source-specificity”; but this suggestion would not explain the action on 
the gonadotropic extract from extra-pituitary human sources. The facts 
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as a whole suggest for the activity of this serum an incomplete '‘species- 
specificity” and no “source-specificity”. 


Serum 4 —greater breakdown of specificity is seen in the case of the 

A suggestion of “species-specificity” is to be seen in that, although this 
serum strongly neutralizes the gonadotropic activity of extract from horse 
pituitaries, it has only a weak effect on that of a human pituitary extract 
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and no effect on that of sheep pituitary. In the case of pig pituitary 
extract no neutralizing action was detected, but, as with Serum 3, an 
apparent augmentatory action in the test on immature rats. On the other 
hand, the strong neutralizing action of this serum on gonadotropic extracts 
from pregnancy serum (both equine and human), and its weaker action on 
human placenta and urinary extracts, suggest that ^^source-specificity^’ 
is, in this case, as in that of the anti-horse-pituitary serum, completely 
absent. 

The interpretations of the results may conveniently be given in tabular 
form: 

Table IV— ^Types of specificity exhibited by the antisera 


Anti¬ 

serum 

Species-specificity 

Source- 

specificity 

1 

2 

Complete 

Absent 

3 

Incomplete (strong) 

99 

99 

4 

Incomplete (very weak) 

99 

5 

Complete 

Complete 


Disottssion 

. An attempt has been made above, to interpret the significance of the 
results recorded in this paper, taken by themselves. A rather pronounced 
feature of the results is the paucity of evidence which they afford for 
‘‘source-specificity”, as distinguished from “species-specificity”, in the 
senses defined. This conclusion might, however, be oompletdy changed 
by more evidence concerning the reactions of some of the sera. Sera 1 and 2, 
for example, which were prepared by immunizing animals with material 
from human pregnancy urine, had no effect on any of the gonadotropic 
preparations from other species which were tested, but these did not in¬ 
clude a preparation from urine or placenta. If an active extract of this 
kind from any other species were available for test, the results might alter 
the interpretation. Again, though it is shown here that Serum 3 , pre¬ 
pared by imnumizing with an extract of horse pituitary, does not neutralize 
the gonadotropic action of a pig pituitary extract, it has been shown 
elsewhere that an anti-pig pituitary extract do^ effectively neutralize this 
action of horse pituitary extract. It has also been shown that Serum 4 , 
produced by immunizing a rabbit against ox-pituitary extract, neutralizes 
the gonadotropic effect on the rabbit of pituitary extract from other 
species, and of the pituitary hormone of the rabbit itself, secreted in 
response to the stimulus of mating (Park^ and Rowlands 1936). The 
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failure to neutralize pig pituitary extract is anomalous and due to a com¬ 
plication earlier discussed. The results with Serum 4 show, further, that 
such a serum will neutralize not only other pituitary extracts, but also the 
effects of other gonadotropic preparations from alien species. We seem 
here, indeed, to reach a condition in which both ‘^species-specificity” and 
“source-specificity” have broken down, in favour of what may be regarded 
as a more fundamental “hormone-specificity”. 

Two other factors must be borne in mind in the interpretation of 
th^ results. Firstly, it is now probable that at least two hormones, 
follicle-stimulating hormone (f.s.h.) and luteinizing hormone (l.h.), are 
concerned in producing the characteristic gonadotropic effects of the typical 
pituitary extract. It seems equally certain that the balance of the two 
hormones is different in preparations from different species. Nothing is 
known as to the comparative immunological properties of the two sub¬ 
stances, and what appears to be species specificity in the effectiveness of 
antisera might conceivably be due to the fact that the balance of anti- 
F.S.H. and anti-ii.BE. present in an antiserum is unsuitable to neutralize the 
particular combination of f,s.h. and ii.H. in the extract of pituitaries of a 
different species. The only certain fact seems to be that the antibody 
evoked by the luteinizing substance, as present in human urine of preg¬ 
nancy, is tmable to neutralize the luteinizing substance of animal pituitary, 
upon which the ovarian-weight response in the immature rat largely 
depends. 

Secondly, there seems to be farther scope for complexity of interpre¬ 
tation, arising from the conception of pituitary gonadotropic antagonists. 
The tables in the present paper show two examples of sera which are 
antigonadotropic towards the majority of gonadotropic extracts, but have 
precisely the opposite effect, i.e. an augmentatory action, towards extract 
of pig pituitary. These are farther examples of the phenomena discussed 
previously (Rowlands 1937c). 

It must be kept m mind that there is, hitherto, no evidence for an 
immune reaction by an animal to any of its own hormones, as naturally 
secreted, and further that the antibodies here considered are, in all cases 
except one (Collip 1937), produced by the injection of extracts from organs 
and fluids in which the hormone is certainly associated with complex and 
probably antigenic substances specifically foreign to the recipient in almost 
all cas^. It would not be impossible to make a plausible hypothesis as 
to the meaning of the available data by considering each such extract as 
a complex antigen, consisting of a species-specific, and in some cases, 
organ-specific, non-hormonal vector, and an interspecific hormone, not 
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antigenic in itself, but readily functioning as a specific haptene in com¬ 
bination with a vector, and thereby imposing a different and wider 
specificity. At the present stage, however, the elaboration of such a 
hypothesis in detail would be of very doubtful value, in view of other 
factors of uncertainty which still remain. 

My best thanks are due to Sir Henry Dale, F.R.S., and to Dr A. S. 
Parkes, E.R.S., for their assistance and criticism in this and the previous 
paper, to Dr F. G. Young for several of the pituitary extracts, to Dr M, 
Boycott for the human pregnancy serum, and to Dr Dorothy Russell for 
the human pituitaries. I am also indebted to Organon Laboratories and 
to Lovens Kemiske Fabrik, Copenhagen, for generous supplies of "‘Pregnyl ” 
and ‘"Antex” respectively. 


Table V— ^The effect of antiserum to ox pitthtary on 

GONADOTROPIC EXTRACTS IN THE IMMATURE RAT 


Gonadotropic preparation 

Amount 
of anti¬ 

No. 

Weight of organ 



Amount 

serum 

of rats 

Ovaries 

Uterus 

Source 

No. 

given 

c.c. 

used 

mg. 

. mg. 

Horse pituitary 

AP2B 

10*0 mg. 

— 

10 

74 

69 



10-0 

0*5 

5 

21 

92 



10*0 

2*5 

10 

10 

99 

Pregnant mare 

PMS3 

2*6 

— 

15 

59 

97 

serum 


2*5 

1*25 

5 

16 

23 

Sheep pituitary 

AP36B 

30*0 

— 

5 

29 

28 



30*0 

2*5 

5 

31 

33 


Saline extract 

1-0 g. 

— 

5 

48 

48 



1*0 

1*25 

5 

42 

46 

Pig pituitary 

AP43I> 

25*0 mg. 

— 

5 

27 

24 



25*0 

2*5 

5 

68 

46 


Saline extract 

1-0 g. 

— 

0 

43 

31 



1*0 

1*25 

5 

79 

68 

Human pituitary HP 3, 4 

3*0 n^. 

— 

10 

59 

55 



3*0 

1*25 

5 

23 

106 


Saline extract 

25*0 

— 

5 

69 

61 



20*0 

0*5 

5 

60 

81 

Human preg¬ 

— 

1*5 c.c. 

— 

10 

33 

59 

nancy serum 


1*5 

1*25 

5 

11 

24 

Human urine of 

UP 10 

1*0 mg. 

— 

20 

34 

80 

pregnancy 


1*0 

0*5 

5 

29 

85 



1*0 

1*25 

5 

22 

137 



1*0 

2*5 

5 

17 

127 

Human placenta 

— 

10-0 g. 

— 

5 

67 

107 



10-0 

1*25 

6 

28 

78 
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Certain supplementary results, especially where these are indicated in 
the figmes, are omitted from these tables. 


Table VI—^The effect of antiserum to horse fitxtitary on 

GONADOTROPIC EXTRACTS IN THE IMMATURE RAT 


Gonadotropic preparation 

Amount 
of anti¬ 

No. 

Weight of organ 



Amount 

serum 

of rats 

Ovaries 

Uterus 

Source 

No. 

given 

C.C. 

used 

mg. 

mg. 

Horse pituitary 

AP33B 

5*0 mg. 

— 

10 

71 

89 . 



5-0 

0*25 

5 

54 

53 



5*0 

0*5 

5 

21 

61 

Pregnant mare 

PMS3 

2-5 

— 

15 

59 

97 

smim 


2*5 

0*25 

5 

19 

55 



2*5 

1*25 

5 

12 

20 

Sheep pituitary 

Saline extract 

1*0 g. 

— 

5 

48 

48 



1*0 

1*25 

5 

46 

54 


AP36B 

30*0 mg. 

— 

5 

29 

28 



30*0 

‘ 2*5 

5 

33 

34 

Pig pituitary 

Saline extract 

1*0 g. 

— 

9 

43 

31 



1*0 

1*25 

5 

53 

63 


AP43D 

25*0 mg. 

— 

5 

27 

24 



25*0 

2*5 

5 

62 

56 

1 

1 

Saline extract 

25*0 

— 

5 

69 

61 



20*0 

0*5 

5 

64 

53 


HP 3, 4 (ace¬ 

3*0 

— 

10 

59 

55 


tone desic¬ 

3*0 

0*5 

5 

70 

87 


cated) 

3*0 

1*0 

5 

40 

100 



3*0 

1*5 

5 

32 

111 



3*0 

2*5 

5 

10 

24 

Human pr^- 

— 

1*5 C.C. 

-- 

10 

33 

59 

nancy serum 


1*5 

1*25 

5 

24 

82 



1*5 

2*5 

5 

22 

100 

TTfiTnan urine of 

UP 10 

1*0 mg. 

_ 

20 

34 

80 

p^^nancy 


1*0 

0*5 

5 

37 

67 



1*0 

1*25 

5 

29 

67 



1-0 

2*5 

5 

11 

39 

Hixman placenta 

Saline extract 

10*0 g. 

_ 

5 

62 

109 



10*0 

0*5 

5 

50 

113 



10*0 

— 

5 

67 

107 



10*0 

J*25 

5 

31 

79 
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Table VII —^The effect of aitti-“antes” sbeitm on 

GONADOTROPIC EXTRACTS IN THE IMMATCTEB EAT 


Gonadotropic preparation 

Amount 
of anti¬ 

No. 

Weight of organ 

t - 


Amount 

serum 

of rats 

Ovaries 

Uterus 

Source 

No. 

given 

c.c. 

used 

mg. 

mg. 

Horse pituitary 

AP33B 

5*0 mg. 

— 

15 

72 

88 



5-0 

0*5 

5 

62 

68 



5*0 

1*25 

5 

77 

80 

Pregnant mare 

PMS2 

2-5 

_ 

5 

29 

54 

serum extract 


2-5 

0*5 

10 

10 

24 



2-5 

1*25 

5 

10 

17 

Sheep pituitary 

Saline extract 

1*0 g. 

_ 

5 

48 

48 



1-0 

1*25 

5 

44 

42 


AP36B 

' 30*0 mg. 

— 

5 

29 

28 



30-0 

2-5 

5 

25 

30 

Pig pituitary 

Saline extract 

1*0 g. 

_ 

9 

43 

31 



1-0 

1*25 

5 

50 

54 


AP43D 

25*0 mg. 

— 

5 

27 

24 



25-0 

2*5 

5 

43 

33 

Human pituitary 

Saline extract 

25-0 

_ 

5 

69 

61 



20-0 

0*5 

5 

60 

63 


HP3, 4 

3*0 

— 

10 

59 

55 



3-0 

2*5 

5 

74 

64 

Human preg¬ 

_ 

1-5 c.c. 

_ 

10 

33 

59 

nancy serum 


1*5 

1*26 

5 

32 

80 

Human urine of 

UP 10 

1*0 mg. 

— 

20 

34 

80 

pregnancy 


1*0 

0*5 

5 

35 

66 



1*0 

1*25 

5 

41 

64 

Human placenta 

Saline extract 

10*0 g. 

— 

5 

67 

107 



10-0 

1*25 

5 

68 

108 
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Table VIII—^The eeeeot oe anti-“Pbegnyl” serum produced 

nr A GOAT ON GONADOTROPIC EXTRACTS IN THE IMMATURE BAT 


Gonadotropic preparation 

Amount 

of anti¬ 

No. 

Weight of organ 

#- 


Amount 

serum 

of rats 

Ovaries 

Uterus 

Source 

No. 

given 

c.c. 

used 

mg. 

mg. 

Horse pituitary 

AP33B 

5*0 mg. 

— 

15 

72 

88 



50 

0-5 

5 

72 

68 

Pregnant mare 

PMS2 

2*5 

_ 

5 

29 

54 

serum 


2-5 

0-5 

5 

31 

68 

Sheep pituitary 

Saline extract 

1-0 g. 

_ 

5 

48 

48 



Z ‘0 

1-25 

5 

46 

58 


AP36B 

30*0 mg. 

— 

5 

29 

28 



30-0 

1-0 

5 

43 

45 

Pig pituitary 

Saline extract 

1*0 g. 

_ 

9 

43 

31 



1*0 

0-5 

6 

42 

65 





(3 died) 




AP43D 

25-0 mg. 

— 

5 

27 

24 



26*0 

1-0 

5 

29 

30 

Human pituitary 

Saline extract 

25*0 

_ 

5 

69 

61 



20-0 

0-5 

5 

10 

17 


HP 5, 7, 8 * 

3*0 

— 

10 

89 

61 



3-0 

0-025’ 

10 

56 

56 



3*0 

0-05 

10 

15 

46 



3-0 

0-075 

10 

10 

26 

Human preg¬ 

_ 

1*5 c.c. 

_ _ 

10 

33 

59 

nancy serum 


1*5 

0-5 

5 

9 

17 

Human urine of 

UP 10 

1*0 mg. 

_ 

20 

34 

80 

pr^naney 


1-0 

0-00625 

10 

17 

74 



1-0 

0-0125 

10 

14 

74 



1-0 

0-025 

10 

11 

19 


* Data taken from Rowlands and Parkes ( 1937 ). 
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Table IX —^The effect of ANTi-^PEEomrL’’ seetjm proditced m 

RABBITS ON GONADOTROPIC EXTRACTS IN THE IMMATTJBE BAT 


Gonadotropic preparation 

Amount 
of anti¬ 

No. 

Weight of organ 

r 


- i 

Amount 

serum 

of rats 

Ovaries 

Uterus 

Source 

No. 

' given 

c.c. 

used 

mg. 

mg. 

Horse pituitary 

AP2B 

10-0 mg. 

— 

10 

. 74 

69 



10-0 

1-25 

5 

76 

107 

Pregnant mare 

PMS 2 

2-5 

— 

5 

29 

54 

serum 


2*5 

0-5 

5 

23 

85 


PMS3 

2*5 

— 

15 

59 

97 



2*5 

1-25 

5 

54 

73 

Human pituitary 

Saline extract 

250 

_ 

5 

69 

61 



20-0 

0-5 

5 

10 

25 

Human urine of 

UP 10 

1-0 

__ 

20 

34 

80 

pregnancy 


1-0 

0-1 

10 

24 

53 



1*0 

0-25 

10 

10 

32 

Human plaeenta 

Saline extract 

10-0 g. 

_ 

5 

62 

109 



10-0 

0-5 

5 

18 

59 


Table X —^The effect of antisbetjm to ox pithitaey on 

GONADOTROPIC EXTRACTS IN OESTROIJS BABBITS 


Gonadotropic preparation 


Amount 






of anti¬ 

No. 

Per¬ 



Amount 

serum 

of 

centage 

Source 

No. 

given 

c.c. 

rabbits 

ovulation 

Horse pituitary 

AP2B 

1-0 mg. 

— 

10 

40 



4-0 

0-5 

10 

10 

Human, pituitary 

Saline extract 

10-0 

— 

10 

100 


10-0 

1-0 

5 

0 

Human urine of pregnancy 

UP 10 

0-2 

— 

10 

50 


0-4 

0-5 

10 

80 



0-4 

1-0 

10 

10 

Ox pituitary 

AP15B 

0-75* 

— 

— 

50 


4-0 

0-5 

10 

70 



3-0 

0-5 

10 

20 



6-0 

1-0 

10 

20 


* Data taken from Parkes and Rowlands ( 1936 ). 
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Table XI—The eefbot of ahtisbrhm to horse pituitary on 

GONADOTROPIC EXTRACTS IN OESTROUS RABBITS 


Gonadotropic preparation 

r 

Source No. 

Ox pituitary AP15 B 

Human urine of pregnancy UP 10 


Amount 

Amount 
of anti¬ 
serum 

No. 

of 

Percentage 

given 

c.c. 

rabbits 

ovulation 

4*0 mg.’*' 

— 

10 

100 

4-0 

4 

10 

90 

0-4 

_ 

10 

100 

0*4 

4 

10 

90 


* Bata taken from Parkes and Rowlands ( 1936 ). 


Table XII—^The effect of anti-“Pregityl’’ serum produced in 

THE BABBIT (R) AND GOAT (G) ON GONADOTROPIC EXTRACTS 
IN OESTROUS RABBITS 


Gonadotropic preparation 


Amount 
of anti¬ 

No. 

Per¬ 

/- 


Amount 

serum 

of 

centage 

Source 

No. 

given 

c.c. 

rabbits 

ovulation 

Ox pituitary 

AP15B 

4*0 mg. 

— 

10 

100 



4-0 

2(G) 

10 

100 

Human pituitary. 

Saline extract 

10-0 

— 

10 

100 



10-0 

2(G) 

10 

0 

Human pr^nancy serum 

— 

0*25 

— 

3 

100 



0*5 

1 (R) 

7 

15 

Human laiine of pr^nancy 

UP 10 

0-5 

— 

10 

100 



0-5 

0-6 (B) 

4 

0 


Summary 

llie specificity of various antigonadotropic sera has been investigated, 
and an attempt has been made to classify the reactions according to 
''species-specificity’’ and "source-specificity”. 

Antii^ra were obtained to gonadotropic extracts of ox pituitary, horse 
pituitary, human urine of pregnancy and pregnant mare serum. All were 
prepared in rabbits, except an additional antiserum to urine of pregnancy 
extract which was prepared in a goat. The activity of the antisera w'as 
tested by their ability to inhibit the effects on immature rats and oestrous 
rabbits of gonadotropic extracts of horse, ox, sheep, pig and human 
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pituitaries, human and mare pregnancy serum and human urine of 
pregnancy and placenta. 

Complete ''species-specificity” is shown by the reaction of the antisera 
to gonadotropic extracts of human urine of pregnancy and pregnant mare 
serum, whereas antisera to similar extracts of pituitary origin exhibit only 
incomplete "species-specificity”. Complete "source-specificity”, on the 
other hand, is only found in the reactions of the antiserum to gonadotropic 
extracts of pregnant mare serum. 

The difficulties encountered in the interpretation of these results and 
their bearing on the probable occurrence in the pituitary of separate folHcle- 
stimulatmg and luteinizing hormones and of a gonadotropic antagonist is 
discussed, and it is concluded that much more evidence is required before 
such specificity as is shown by antigonadotropic sera can be ascribed to 
immunological factors. 
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The Temperature Variation of the Work Function 
of Clean and of Thoriated Tungsten 

By a. L. Beihann 

{Cimmunicated by R. H. Fowler, FR£.—Received 3 June 1937) 

Measurements were made of the contact potential dijfferenc^ between a 
constant source of electrons and a neighbouring tungsten filament collecting 
space-charge-limited electron current, whose condition was varied. This 
filament* was either clean or covered with a layer of thorium atoms, and, in 
addition, it was held at various temperatures. In this way direct informa¬ 
tion was obtained concerning the rates at which the work functions of clean 
and fuUy activated thoriated tungsten (W-Th) vary with temperature. 
Within the limits of experimental uncertainty there is no difference between 
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the temperature coefficients of the two work functions. The temperature 
coefficient found is about that which would be required to account for the 
observed value of the thermionic constant A of clean tungsten on the 
assumption of practically perfect transmission. It must be concluded that 
the factor (of the order of 10-20) by which the A of W-Th is less than that 
of clean tungsten is due to internal reflexion of electrons at the W-Th 
surface. 


The Scattering of Wireless Waves in the Ionosphere 

By T. L. Eckebsley 

(Communicated by W. H. Eccles, F,R.8,—Received 11 June 1937) 


Application of the Phase Integral Method to the Analysis 
of the Diffraction and Refraction of Wireless Waves 
round the Earth 


By T. L. Eckebsley and G. Millington 
{Communicated by W. H. Eccles, F.E.8.—Received 11 June 1937) 
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Relaxation Methods applied to Engineering Problems 

II—Basic Theory, with applications to Surveying and 
to Electrical Networks, and an extension to 
Gyrostatic Systems 

By a. N. Black, B.A. and R. V. Southwell, F.R.S. 

(Received 22 June 1937) 

The method of systematic relaxation, originally devised for the calcula¬ 
tion of stresses in frameworks, has since been extended to other elastic 
systems. This paper shows that its basis is the principle of miniTmim 
potential energy, and thereby demonstrates its convergence as applied not 
only to elastic problems, but to any problem for which a minimal theorem 
exists. Examples treated are the adjustment of errors in surveying and the 
partition of electric current in non-inductive networks. 

Finally, networks characterized by self-induction and/or capacity are 
discussed as examples of ‘‘gyrostatic systems’’, which do not present 
minimal problems of the standard type. Here too convergence can be 
demonstrated, and a numerical example shows that no special diflBlculty is 
presented. 


The Seiches in a Strait connecting Two Seas 

By G. R. Goldsbeottgh, P.R.S. 

(Received 29 June 1937) 

The problem studied is that of the natural vibrations of the water in a 
strait connecting two open seas. The shores of the strait are the two 
branches of a hyperbola and a certain law of depth is chosen. It is shown 
that such a system has free modes of four distinct types characterized by 
symmetry about both axes, asymmetry about the conjugate axis, asym¬ 
metry about the transverse axis and asymmetry about both axes, r^pec- 
tively. In each case there is an inJSnite number of distinct modes. The 
waves diminiRh rapidly in amplitude as the channel widens. The nodal 
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Hrift fi are members of tbe same family of confocal ellipses and hyperbolas of 
which the shores are a member. 

Some of the lower modes are worked out completely for special cases. 
Bnt simpler approximations are given covering all the forms where the 
eccentricity of the bonnding hyperbola is not too small. 


On the Torsion of Conical Shells 

By R. V. Southwell, F.R.S. 

{Received 30 June 1937) 

By imagining a flat plate to be distorted by shearing stresses in its own 
plane, and then with shear stresses operative to be bent into the appro¬ 
priate shape, the Bredt-Batho formula for the stresses produced by torsion 
in non-circular tub^ is obtained and extended to shells having the forms 
of non-circular cones (tapered tubes). The strains are also deduced, and 
the results for cylindrical tubes conform with what are given by the 
Clascal theory of Saint-Venant, both as regards the twist and the warping 
of cross-sections out of their planes. In thin conical shells it is shown that 
warping will be replaced by a strain which alters the shapes of cross- 
sections, for the reason that it would involve extensions, which occurring in 
a sheet of negligible thickness would violate the principle of minimum 
strain-energy. In cylindrical tubes, either type of strain is possible 
according to a theory in which the thickness is neglected: warping occurs in 
fact, because unlike the other alternative it involves no flexural stresses. 

Part II is concerned with the question, whether Saint-Venant’s cele¬ 
brated theory of torsion can be extended so as to include thich tubes and 
rods having the forms of non-circular cones. It is found (as would be 
expected from the foregoing results) that except in relation to sections of a 
special (circular or oval) type no progress can be made by assuming that 
the shap^ of the cross-sections are not altered by torsional strain. 
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Galvanometer Effects in Bismuth Alloys 

By W. Thompson 

[Communicated by A, M. Tyndall^ —JReceived 3 July 1937) 

An account is given of experimental observations on the Hall effect and 
transverse magneto-resistance eJBfect in single crystals of bismuth con¬ 
taining small and known amounts of impurity, up to 1 % of lead and 0-1 % 
of selenium. Measurements were made at fields up to 22,000 oersted, at 
temperatures from 20° A. to 290° A., and for three principal crystal 
orientations. The results are found to be in general agreement with 
theory, and a hypothesis is advanced to explain the divergenci^. It is 
concluded that the number of free electrons per atom in metallic bismuth is 
of the order of 3 x 10-"^. 


Atomic Hydrogen 

By H. G. Poole 

(JJ<mm/unicated by 0. K. IngoM, —Received 6 Jviy 1937) 

I—Calorimetry of Hydrogen Atoms 

A new type of calorimeter for the measurement of hydrogen atoms is 
described, depending on the continuons flow principle: water flowing 
through a copper tube is warmed by the catalytic recombination of atoms 
on the platinum-plated outer surface of the tube, and the rise of tempera¬ 
ture of the water then determines the rate of recombination of atoms. 
Considerable accuracy is possible, and the sensitivity of the calorimeter is 
easily varied as required; sensitivities of 0*1—1*0 calories per minute have 
been used, the range, of rates of heat production so far studied being 
4-300 calories per minute. Continuous operation and reading over 
indefinite periods of time are possible, very small corrections due to losses 
are required, and the lag in attaining equilibrium after large changes in the 
rate of supply of atomic hydrogen is of the order of 1 to 2 min . 

The spectroscopic value of Beutler for the dissociation energy of hydrogen 
(102,720 cals./g.-mol.) is adopted; after allowanoe for the heat capacities 
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of the molecule and atoms this leads to 103,680 eals./g.-moL for the heat 
of dissociation at 300° K. and constant pressure. 

The determination of hydrogen atoms by molecular flow gauges is 
discussed and sources of error which have hitherto been overlooked are 
pointed out. In particular, the effect of small errors in the measurement of 
pr^ure is shown to be large. 


II—Surface Effects in the Discharge Tube 

The output of atomic hydrogen from several different discharge tubes 
of silica and pyrex has been measured calorimetrically at one-minute 
intervals. The curves obtained show that very large changes in atom out¬ 
put with time, even in a few minutes, may occur with discharge tubes 
depending only on a water-on-glass or water-on-silica film for de-activation 
of the tube wall as catalyst for the recombination of atoms, and that the 
behaviour of such tubes depends on their past history. The conclusion is 
reached that d^truction of the protective water film occurs during intense 
discharges, and that readsorption of water takes place during rest periods 
and sometimes during weak discharges; the increasingly rapid decay of 
output for successive high intensity discharges indicates that a new water 
film is less firmly held than an old film. 

Constant and reproducible output is obtained by the use of a meta- 
phosphoric acid lining inside the dbcharge tube. 


Ill—The Energy Efficiency of Atom Production 
in a Glow Discharge 

The efficiency of the glow discharge system for the production of hydrogen 
atoms has been determined as the number of dissociated molecules received 
at the calorimeter per umt energy (electron-volt) supplied to the positive 
column. This efficiency, has been found to vary with the power input 
to the pc^tive column, W , with the volume rate of flow of gas, and with 
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the pressure; for any given pressure, the behaviour of the discharge tube is 
satisfactorily represented by the empirical equation 

t^c /^o\ ^0/ Wo / 

in which k, a and b are constants depending on the pressure. 

Analysis of the conditions in the discharge tube and delivery tube has 
indicated the reasons for the above relationship; and has led to the deter¬ 
mination of the Emeleus-Lunt-Meek eflGiciency, i.e. the sum of the 
efficiencies for the excitation of the two states, and leading to 
dissociation of the molecule, over the pressure range 0-10-1*35 mm. The 
variation of as the pressure is changed is in satisfactory agreement with 
the theoretical values, provided that a theoretically permissible correcting 
factor of 2*6 is applied to the probabiKty cross-section for excitations 
as calculated quantum-mechanically by Massey and Mohr, The velocity 
constant for the first order, wall-catalysed recombination of atoms has 
been determined from the same data, and hence the adhesion coefficient y 
for a water-on-phosphoric acid film, i.e. the fraction of the total number 
of collisions of atoms with the walls which lead to the loss of an atom; y is 
found to be 3*9 x 10“"®. 

In addition, a general equation for the flow of atoms and molecules 
through a tube has been developed. 


Photochemical Polymerization of Methyl Methacrylate 

Vapour—I 

By H. W. Melville 

{Gcmmunicated by E. K, Bideal, F,B,8.—Received 12 July 1937) 

The kinetics of the photochemical polymerization of methyl methacrylate 
have been investigated with the following results- Polymerization occurs 
nearly quantitatively to a white solid, if the radiation is absorbed by the 
COOCH3 group in the molecule, Le. A >2200 A. Light of shorter wave¬ 
length absorbed by the double bond leads to decomposition of the molecule. 

After a sufficient time of illumination, the polymer grows oontmuously 
in the dark for several days. This steady growth is proportional to the area 
of the tube iQuminated, to the methacrylate pressure and decreases with 
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increasing temperature. It can be stopped by means of H atoms and 1^ 
molecides; it is unaffected by oxygen, ethylene and acetylene. The 
polymer is depolymerized to the monomer on heating to 300° C. in vacuo. 

Polymerization can also be initiated by hydrogen atoms, the velocity of 
which is greater than that of the normal polymerization. The rate is 
independent of methacrylate pressure (above 2 mm.) and hydrogen pressure 
(above 4 mm.), and is proportional to the square root of the intensity of the 
light. The mean life of this pol 3 rmer is ca. 10”^ sec. It stops growing when 
two growing polymers collide in the gas. 

The mechanism of the growth of the methacrylate polymer is discussed 
and reasons advanced to explain why one polymer has a long life and the 
other a short life. The essential difference is believed to be due to a double 
bond polymerization in the former case and to a free radical polymerization 
in the latter case. 


Photochemical Polymerization of Methyl Methacrylate 

Vapour—^II 

By H. W. Melville 

{C<mmumcaUd by E. K. Ridecd, F.R.S.—Received 12 July 1937) 

When atomic hydrogen, generated photochemicaUy, is produced in 
presence of methyl methacrylate vapour, a polymer is formed as a colour¬ 
less oil, much faster than the normal polymerization mentioned in the 
previous paper. This polymerization reaction has entirely different 
characteristics. It occurs wholly in the gas phase and stops immediately the 
light is cut off. Above pressures of 2 mm. of methacrylate, the rate of 
polymerization is independent of methacrylate pressure. The rate is also 
independent of hydrogen pressure above 4 mm. It is proportional to the 
square root of the intensity of the absorbed light. By using a rotating 
sector the mean life of the polymer is shown to be less than IQ-^ sec. A 
Mnetic analysis of the results demonstrates that the polymer stops growing 
when iwo growing polymer molecules unite. 

Considering the above results together with those described in the 
pmvious paper, the qu^tion of the mechanism of growth of methyl meth¬ 
acrylate polymers is discussed. It is concluded that in the normal photo¬ 
chemical polymerization growth on the surface occurs by the reproduction 
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of a double bond at the end of a polymeric molecule each time a monomer 
adds on. This accounts for the stability of the polymer, its behaviour toward 
solvents and ease of thermal depolymerization. The initial gasphase 
growth of the polymer may, however, proceed through the medium of a free 
radical polymerization exactly analogous to that occurring in the hydrogen 
sensitized polymerization. 


Dissociation, Recombination and Attachment 
Processes in the tipper Atmosphere—I 

By H. S. W. Massey, Ph.T). 

Independent Lecturer in Mathematical Physics, 

Queen^s University, Belfast 

{Communicated by E. E Appleton, —Received 13 July 1937) 

The probabilities of various collision reactions which occur in the E and 
F regions of the ionosphere are considered in general terms. In particular the 
relative importance of recombination and attachment in effecting electron 
removal is discussed. As processes in which electrons are detached from 
negative ions can be expected to go on at a considerable rate (much faster 
than recombination) and as attachment must also occur very rapidly, the 
most reasonable representation of the phenomena is to consider the n^ative 
ions and electrons as in a dynamical equilibrium adjusting itself rapidly to 
loss of either by recombination. In this way the usual recombination theory 
may be retained, even though attachment occurs much more rapidly. A 
consequence of the theory is that the number of negative ions should con¬ 
siderably exceed the number of electrons in the E region as required by th.e 
“dynamo” theory of magnetic variations. The low rate of recombination 
in the F region, requiring the density of positive ions to be not much greater 
than that of the electrons, makes it necessary to suppose that, at these levels, 
the atmospheric gases present are inert towards electron attachment. 
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A Transmutation Function for Deuterons 

By P. L. ELajpur 

{ComMunicated by It, H. Fowler, F.B.8,—Received 15 July 1937) 

A generalization of the method of geometrical optics, commonly known 
as the Wentzel-Kramers-Brillonin method, is appHed to the case of trans¬ 
mutation by deuterons. The treatment of Oppenheimer and Philhps ( 193 5)> 
based on the approximation of a three-body problem, is improved in so 
far as the wave equation is not assumed to be separable. The generalization 
gives, in general, an upper limit to the probability of the process, but in the 
present case it is shown that it gives the correct value. The results of the 
calculations are given in Table I and figs. 1 and 2. Formulae ((18') and (21')) 
are also obtained which take into account the finite radius of the nucleus. 
The results are compared with experiments on copper and are found to be 
in fair agreement, when the binding energy of the deuteron is taken to be 
2-25 mV. 


A Study of Upper Carboniferous Coals from 
Western Australia 

By C. R. Kent, Ph.D. 

{Communicated by Professor William A, Bone, F,R.8 .— 
Received 19 July 1937) 


Explosion Waves and Shock Waves 

V—^The Shock Wave and Explosion Products from 
Detonating Solid Explosives 

By W. Paymak, D.Sc., Ph.D. and D. W. Woodhead, Ph.D., P.I.C. 

{Communicate by J. F. Thorpe, F.B.8. — Receive 20 July 1937) 

The mode of expansion of the disturbance produced when a cartridge of 
explosive suspended j&eely is detonated has been studied by means of 
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Schlieren photography, using cameras of both instantaneous and con¬ 
tinuous types. The records show that there are three phases in the life of 
the disturbance produced. 

The first phase is the detonation of the cartridge. This is comparatively 
short (about 3 x sec. in a 113 g. cartridge of celmonite). The disturb¬ 
ance then may be regarded as arising solely from the side of the cartridge 
and is very nearly spherical; the shock wave is smooth and precedes the 
front of the gaseous products by a fraction of a centimetre. 

The second phase is longer and may last until the disturbance has 
travelled 100-125 cm. (6 x 10""^ sec. with a 113 g. cartridge of celmonite). 
During the fib!*st half of this period the gaseous products are for the most 
part luminous and follow the shock wave at a gradually increasing distance. 
The velocities of both wave and products may be greater than the rate 
of detonation of the cartridge. Many characteristic prominences due to 
individual solid particles and congregations of particles appear in the 
wave front. The gaseous expansion from each end of the cartridge is far 
more vigorous than that from the side, with the result that axial distensions 
in the form of the wave appear. These deformations from the spherical 
are accentuated and prolonged by the shower of particles, the density of 
the shower being clearly greatest axially with the cartridge. In the second 
half of this period the disturbance is no longer ‘‘maintained”. The velocity 
of the gaseous products falls rapidly and the products become mixed with 
air through turbulence to an increasing extent. Simultaneously, the 
masses of particles producing the prominences in the wave front become 
dispersed and, as individual particle, no longer affect materially the 
progress of the wave. 

The third and last phase begins when all prominences have disappeared; 
the wave becomes smooth again and, when travelling at about 500 m./sec., 
rapidly assumes the spherical form. The gaseous products are at atmo¬ 
spheric pressure and free to drift. * Dispersed particles precede the wave 
over several metres and sooner or later fall to the ground. The wave spreads 
with a gradually falling velocity until it ultimately d^enerat^ into a 
sound wave. 
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Some Conditions Governing the Solubility of Iron 

By L. H. N. Cooper, Ph.D., F.I.G. 

Assistant Chemist at the Plymouth Laboratory of the Marine 
Biological Association 


{Communicated by W. R. O, Atkins, F.RB.—Received 26 July 1937) 


Existjmg data on the solubility products of ferrous and ferric hydroxides 
and on the ion, EeOH++, have been used to calculate the maximum activities 
of Be++, and Fe+++ which may exist in sea water. 

The maximum activity of ferrous ion is controlled both by the activity 
of the ferric ion and by the oxidation-reduction potential of the system. 

The maximum activity of the three ions at equilibrium in sea water are 
presented in Table VII. Other tables show equilibrium conditions at a range 
of oxidation-reduction potentials and hydrogen-ion concentrations. 

The total quantity of iron in true solution in water after equilibrium has 
been attained does not exceed 


3 X 10~® mg. iron per cubic metre at pH 8‘5 


4 X 10“''^ 
4x10-5 

5 X 10-5 


99 

99 

99 


99 

99 

99 


8-0 

7-0 

6-0 


and of tiiis the greater part conasts of ferrons and FeOH++ ions. In more 
add solutions ferrichlorie acids may hare to be taken into account. 

Hiese Tadues apply to iron in sea water, in natural waters and in many 
physiological fluids. 


On the Equations of Electromagnetism 
I—Fundamental Identifications 

By E. a, Melste, F.R.S. 

{Received 26 July 1937) 

The paper offers a purely kinematic formulation of the phenomena of 
electromagnetism. It proceeds by first examining the most general type of 
external force after gravitational forces which are encountered in the study 
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of the dynamics of a particle in the presence of the substratum or smoothed- 
out universe. Such external forces involve mention of 6-vectors, and the 
form of the resulting force is obtained in a form holding good for all 
epochs and for all distances from the observer. For the present epoch and 
at small distances it reduces to the Larmor-Lorentz formula for the 
ponderomotive force on a moving charge. A scalar multiplier emerges in the 
treatment which is afterwards identified as charge. A 6-vector is then 
derived by appropriate differentiation of an undetermined scalar with 
regard to the co-ordinates of two events, one being the source of the field 
and the other the event of the measurement of the field. With this it is 
possible to obtain the relativistic equations of motion of two charged 
particles in one another’s presence, and to deduce the associated energy 
equation. By requiring the radiation to vanish when the accelerations 
vanish, it is found possible to fix all undetermined scalars completely. 
It is then possible to evaluate the “field” due to a given charge in given 
motion, at a given external point, as measured by the force on a test- 
charge in given motion, and by comparing the theoretically derived 
formulae with the observed experimental laws to identify the various 
symbols introduced. The inverse square law of Coulomb is obtained in 
exact relativistic form. But the law expressing the magnetic field at a 
distance r from a given charge moving with a given velocity Vg relative 
to a fundamental observer 0 is found to contain mention of the velocity 
of the test-charge measuring the field; in detail, the classical Biot and 
Savart law H = (Cg/c) Vg a r/|r is found to be replaced by 

H = (e2/c)KVi+V,)Ar/|r|3 

The two agree for Vx=V„ but the new formula gives half the classically 
calculated field for Vg = 0, as required by TJhlenbeck and Goudschmidt 
and as found by a different method by L. H. Thomas. Our result is of more 
than mere numerical significance, as it compels the abandonment of the 
concept of a magnetic field as something independent of the circumstance 
of its measurement. This vrill be more fully developed in Part H. 

Secular factors in the laws of electromagnetism are considered, and the 
results applied to the simple Bohr atom and to Dirac’s cosmological 
relation. It is shown that in kinematic measure the radius of an atom is 
proportional to t, tending to zero as ^ ^ 0. It is also shown that Dirac’s 
relation does not require the creation of matter. 
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On the Equations of Electromagnetism 
II—Field Theory 

By E. a. Miln3E3, F.R.S. 

(Received 25 July 1937) 

Following the mathematical treatment of the preceding paper, a 
physical discussion is given in which it is shown that the concept of an 
electromagnetic field (E, H) as existing in jfree space independent of the 
circumstances of the test-charge used to measure it must be abandoned. 
Instead it is replaced by the concept of a pair (E, H) which depend on the 
velocity V of the test-charge at the point concerned used to measure it. 
Nevertheless ‘'field identities'’ are found which are satisfied at each event 
by the (E, H) as measured there; these identities are explicitly independent 
of the velocity V of the test-charge employed. These are stated as 
equations (12), (13), (29), (30). Two of them coincide with two of Maxwell’s 
equations, namely those expressing the non-existence of isolated magnetic 
poles and Faraday’s law of electromagnetic induction. The remaining two 
are modifications of Maxwell’s other two equations for free space. They 
imply wave-propagation of E, H, and admit the existence of a vector- 
potential. 

With the abandonment of the concept of a field as existing in free space 
independent of the velocity of the test-charge used to measure it, the 
expression of electromagnetic energy as a volume integral must be 
abandoned also. Instead we have an expression for the electromagnetic 
energy associated with the different pairs of charges present in the field, 
calculated mechanically. The sum of this and the mechanical energies of 
the moving massive particles varies with the time according to a linear 
function of the accelerations of the charged particles in one another’s 
presence. The latter vanishes in certain wcU-defined circumstances, or has 
a mean value zero, and this gives rise to the phenomenon of non-radiating, 
i.e. “stationary”, states. Radiation occurs in certain oases of accelerated 
motion, but not for periodic systems. The role of the field is then the same 
as that put forward by Bohr, Kramers and Slater, namely that energy is 
not located in the field but that the field is the mechanism for conveying 
energy fix>m one set of charged particles to another. 

A umfied treatment of gravitational and electromagnetic phenomena is 
briefly sketched, and the energy formula obtained. 
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Structure of Stretched Eubber 

By C. J. B. Clews and P. Sohoszbbegbb 

{Communicated by Sir William Bragg, P.R.8.—Received 26 July 1937) 

A picture of micellar structure is developed which is intermediate between 
the two formerly proposed theories. The micelles are of lath-shaped form, 
and possess, on account of their shape and of their transverse bindings, a 
definite individuality, even though the “Hauptvalenzketten” themselves 
extend beyond the sphere of single micelles.' 

Rubber films, obtained from dflute solutions in various solvents, have 
been examined to determine a possible influence on “higher orientation”. 
The X-ray photographs were taken on a fibre camera. 

All films derived from these solutions show “higher orientation” on 
extreme extension to 700 %. It is therefore established that the capacity 
for building up micelles in the way described is an intrinsic property of the 
“ Hauptvalenzketten ”. 


The Continuous Absorption Spectrum of Methyl 
Bromide and its Quantal Interpretation 

By PbyllivS Pink and C. P. Goodevb 

The Sir William Ramsay Laboratories of Inorgamic ahd Physical 
Chemistry, University College, London 

{Communicated by P. G. Donnan, F.R.S.—Received 26 JvAy 1937) 

The extinction coefficients of methyl bromide have been measured over 
the range 35,000 to 52,000 cm.“^. Quantal methods previously applied to the 
interpretation of continuous absorption bands of diatomic molecules have 
been extended to the interpretation of the band of methyl bronaide. The 
upper potential energy curve has been calculated and the extinction 
coefficient curve resolved into the parts arising from molecules in various 
vibrational levels. The analytical method shows the consteuetion of 
thresholds of continuous absorption. 
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Hyperfine Structure and Nuclear Moments 
of Aluminium 

By D. a. Jackson and H. Ktjhn 
Clarendon Laboratory, Oxford 

(Communicated by F. A. Lindemann, F,It.S,—Received 28 July 1937) 

The h 3 rperfine structure of the resonance lines of aluminium was iavesti- 
gated by means of the absorption in an atomic beam of aluminium. The 
line 3^P|.-4S^ was found to possess three components at —0*048, 0*000 
and + 0-048 cm.-^ of nearly equal intensity. The line 3 ^P^-3 possessed 
two components of separation 0-066 cm.“^, the intensity ratio of which 
was measured to a high degree of accuracy; the value found was 1*21: 1, 
the component of longer wave-length being the stronger. 

Prom the structure of the line 3 ^P^-*4S^ it follows that the levels 4S^ and 
3 ^P| are both split into two levels, of separation 0-048 cm.~^ (the greater 
splitting of the line 3^Pj-32I)| is due to a small unresolved, inverted 
structure of the level 3 which is probably caused by perturbation by the 
term 35 The observed intensity ratio of the components of the 

line 3 ^Pj-3 gives a value f for the nuclear spin, and the splittings of the 
levels 4Sj and 3^Pj give values 4-1 and 3-6 nuclear magnetons respectively 
for the magnetic moment of the nucleus according to the formulae of 
Goudsmit. 

The lines 4Sj.-52P| and 4S|-52P| were observed in emission and were 
found to be doublets, only just resolvable on account of their Doppler width, 
of separation about 0-06 cm.*"^ and of intensity ratio (when corrected for 
overlapping) about 1-23: 1, the component of longer wave-length being 
the stronger. This structure is in complete agreement with the interpretation 
of that observed in the resonance lines. 

This result is in disagreement with the contents of a preliminary note by 
Ritschl in which, from an observed doublet structure of the arc lines 3057 
and 3050 and the spark line 2669, he suggested a nuclear spin of J; an investi¬ 
gation of the structure of these lines showed that the observed doublet 
structures do not represent a complete resolution. 
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Penetration into Potential Barriers in Several 
Dimensions 

By P. L. ELapub and R. Peceels 
{Communicated by B. H. Fowler, F.B.S.—Received 30 J-idy 1937) 

The method of geometrical optics is discussed in application to the 
penetration of particles into regions of negative kinetic energy. It is shown 
that in the case of problems in more than one dimension which cannot be 
separated, it is generally possible to derive an upper limit for the probability 
of penetration, and that in special cases the method gives the actual value 
of this probability. 


The Geometrical Representation of Milne’s 
Kinematical Relativity 

By W. H. McCbea 

{Communicated by E, T, Whittaker^ F.Il.8n—Received 30 July 1937) 

It is shown that the assumptions on which Milne’s kinematical relativity 
rests may be translated into the axioms of incidence of projective geometry, 
together with the usual axioms of order and continuity. The analytical 
expression of Milne’s theory corresponds then to the metrical expression of 
the geometrical properties achieved in the usual way by the use of an 
Absolute Quadric. This throws light, in particular, on Milne’s introduction 
of the Lorentz transformation. It also exposes certain restrictions imposed 
by his assumptions, as compared, for example, with those of general 
relativity. Further, it makes explicit the degree of arbitrariness allowable 
in the choice of a geometry ” to represent the properties of the system. 
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On Anomalous Vibrational Spectra 

By M. Blackman, Trinity College, Cambridge 
[Communicated by B. H, Fowler, F.RM.—Beceived 4 August 1937) 

The equation of motion of an elastic continuum is investigated, and it is 
shown that the continuum becomes unstable when the elastic constants 
obey certain relations. The vibrational spectrum of lattices for which these 
relations hold is shown to undergo a characteristic change, the density of 
normal vibrations going over into the one-dimensional or into the two- 
dimensional form. The significance of this is considered from the point of 
view of the specific heat and the vibrational spectrum of actual crystals; 
it is found that no actual crystals are near enough to the critical regions for 
the effect of the approach to be apparent in the specific heat, but in some 
cases this should be noticeable in the vibrational spectrum. 


Refractive Dispersion of Organic Compounds 

IX—Optical Exaltation in Unsaturated Hydrocarbons 
containing Conjugated Double Bonds 

By (the late) T. M. Lowry, F.R.S. and C. B. Allsopp, M.A., Ph.D. 

LaborcUory of Physical Chemistry, The University, Cambridge 

{Communkaied by B. G, W. Norrish, FB.S.—Beceived 21 August 1937) 

Optical exaltation appears to be exhibited by a system of two conjugated 
ethylenic double bonds when these form part of an open chain (e.g. 
2 :4-hexadiene) but not when they are built into a ring (e.g. 1 : 3-cycZo- 
hexadiene). The ultra-violet absorption bands of conjugated ring systems 
are displaced towards lower fi:cquencies relative to those of the corre¬ 
sponding open-chain systems. These effects of configuration on the optical 
properties of a conjugated system are discussed. 
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Crystal Growth from Solutions 
By W. F. Berg, Ph.D. (Berlin), Ph.D. (Manchester) 
{Communicated by W, L, Bragg, —Received 21 August 1937) 

An optical method of measuring the concentration distribution round a 
growing crystal is described. The flow of molecules at every point of the 
crystal surface can be determined. The results obtained on sodium 
chlorate are; 

1— ^The concentration is not constant aU over the crystal surface, but 
is highest at the corners. 

2— One has to assume the existence of an adsorbed layer on the crystal 
surface, and that a lateral flow of molecules takes place in this layer. 

3— ^There is a hitherto unexplained effect influencing the transition of 
molecules from the solution into the different parts of the adsorbed layer. 
The infl ux is smaller at the corners than at the centres of the faces, although 
the concentration of the solution is higher on the corners. 


Measurements of Range and Angle of Projection 
for the Protons produced in the Photo- 
Disintegration of Deuterium 

By J. Chadwick, F.R.S., N. Feather and E. Bretscher 
{Received 8 September 1937) 

Measurements of range and angle have been made on the tracks of 62 
protons produced in an expansion chamber containing a deuterium-rich 
gas and irradiated by the y-rays from a radiothorium source. These measure¬ 
ments have been analysed in detail and critically discussed. It is concluded 
that the determinations of range indicate a binding energy of 2*25 ± 0*05 
X 10® e-volts for the deuteron and that the angular distribution implies 
a ^considerable preponderance of the photoelectric over the photomagnetic 
type of disintegration with the radiation employed {fiv = 2-62 x 10® e-volts). 
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Investigations on Magne-crystallic Action 
V—Para-Magnetic Salts of the Rare Earth and 
the Iron Groups of Metals 

By K. S. Kbishnan and A. Mookeeji 

(fjommuniMted by Sir Venhxta Baman, F.R.8 .— 
Received 9 September 1937) 


On the Forces acting between Atoms and Ions and the 
Physical Properties of Matter in Bulk 

By J. a. Wasastjekna 

{Communicated by W. L, Braggy F,R,S.—Received 9 Septeniber 1937) 

A method is developed according to which it is possible to analyse, by 
the aid of accessible experimental data, the question of the dependence of 
the potential energy on the interatomic distance for atoms and ions with 
closed shells. The r^nlts of the analysis have been made the foundation 
for a theoretical calculation of a number of physical properties of crystals. 
In many instances the results of the calculations can be compared with 
experimental data. In other instances information is obtained con¬ 
cerning data which have previously been entirely unknown or about 
which great uncertainty has prevailed. Finally, a theoretical interpreta¬ 
tion is given to the empirical results. The experimental values of the 
van der Waals forces both for rare gases and ionic crystals are about twice 
as large the theoretical ones, and there is thus a rather serious dis¬ 
crepancy. 


Studies of the E Region of the Ionosphere 
By j. E. Best, E. T. Faembr and J. A. Ratcubte 
{Communicated by B. V. Appleton, F.B.S.—Received 9 September 1937) 
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Statistical Mechanics of the Adsorption of Gases 
at Solid Surfaces 

By F. J. Wilkins 

{Oommunicated hy R. H. Fowler, F.R.8.—Received 20 September 1937) 
The generalized adsorption isotherm is shown to he 

CalGa - 

where Ca and Cg are the molecular concentrations in the adsorbed and 
gaseous phases respectively; ^ is the adsorption potential and fg{T), 
fa{T), BjfgiT) and Bjfa(T) are partition functions. These functions have 
been evaluated for three special cases in which the adsorbed phase is (a) a 
three dimensional gas, (6) a gas of two dimensional lateral mobility whose 
molecules vibrate in a plane perpendicular to the plane of lateral mobihiy, 
and (c) a group of Planck osciQators with three degrees of freedom. 

The relation between <j) and q, the differential heat of adsorption, is 
deduced and it is shown that the common practice of calculating from 
the equation 

(91ogp/aT),= -gJBr2 

is erroneous. The correct equation is 

(9 log -qlRT\ 

where {xjad) is the concentration in the adsorbed layer. 


The Absorption of Argon, l^itrogen and Oxygen 
on Smooth Platinum Foil at Low 
Temperatures and Pressures 

By F. J. WHiKiNS 

{Gommuniccbted by JR. H. Fowl&r, F.JR.8. — JReceived 20 S&pi^wtb&r 1937) 

The adsorption of argon, nitrogen and oxygen on a smooth platinum foil 
has been measured at various temperatures between 77 and 193 K. 
over the pressure range of 5 x 10“^ to 2 x 10~^ mm. It is found that the 
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deviations from the Langmiur adsorption isotherm are greater the lower is 
the temperature. The values a of the fraction of the apparent surface 
covered by the gas at saturation is unity only for argon at 77° K. In all 
other experijnents a was much less than tmity. Further, the rate of 
decrease of a with increase of temperature is much more rapid than is 
given by Zeise’s linear equation and can be expressed approximately by 

a = 

where c and are constants. After a discussion of the results, using the 
virial adsorption isotherm, the failure of the Langmuir adsorption isotherm 
at low temperatures is attributed to the intermolecular forces of attraction 
which exert a pronounced effect on the amount of gas adsorbed. 

The adsorption potentials of argon and nitrogen are calculated to be 
approximately 5000 and 5500 cal./g. mol. respectively. These compare with 
the corresponding values calculated from quantum mechanics of 3200 and 
1500 cal./g. mol. The possible reasons for the discrepancy are discussed. 


An Attempt to Detect the Passage of Helium through 
a Crystal Lattice at High Temperatures 

By Loed Rayleigh, r.R.S. 

{Beceived 20 September 1937) 

It is known that helium wiU pass through silica glass, even at ordinary 
temperatures. A plate 1 mm, thick and 1 sq. cm. area will pass about 
2-5 X 10”^ cu. mm./day. In this case the heli um probably passes through 
submicroscopic channels or cracks in the material. No single crystal, so 
far as has been ascertained, will pass measurable quantities of helium 
through the lattice at ordinary temperatures. 

Mica has now been tested up to a temperature of 415° C. The amount of 
helium passed, by a plate 1 mm. thick and 1 sq. cm, area, if any, is certainly 
le^ than 7 x 10”*^ cu. mm./day. 
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The Behaviour of an Osglim Lamp 

III—Osglims in Parallel forming 
Models of Reciprocal Inhibition 

By Lewis F. Richardson, F.R.S. 

{Received 21 September 1937) 

Two osglim lamps wired in parallel with one another can be so arranged 
that the glowing of either inhibits the other. This arrangement is called a 
‘‘distraction circuit The lamps are connected through suitable resistances 
to a battery. An extra stimulus is required to start the extinct lamp. But 
if a condenser is suitably connected, the apparatus becomes entirely auto¬ 
matic, one or other lamp flashing in a random sequence, but never both 
lamps together. Although the glowing gas is quite unlike anything in the 
nervous system, it seems probable that the abstract time-relations of the 
distraction circuit may be si m ilar to those of a number of psychological 
and physiological phenomena, such as distraction, or alternations of 
perspective in line drawings, or reciprocal inhibition. 

Experiments with these distraction circuits provide many delicate tests 
of theories of the osglim lamp. It is shown that the negative slope of the 
equilibrium potential f>^{u) taken in conjunction with the approximate 
intrinsic equation 

in which u is current, t time and 6 is a positive constant, together suffice 
to explain many of the observed effects; but these hypotheses are in¬ 
adequate to account for other observations, which however could be 
explained by the presence of a term of higher order, such as hd<j>jdi^ 
where k'^4:X 10”® sec. 
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The Production of Neutrons by Bombardment of 
Beryllium with a-Particles 

By T. Bjbeob 

Institute of Theoretical Physics, Copenhagen 

{Communicated by N. Bohr, For. Mem. E.8.—Received 21 September 1937) 

In the energy spectrum of the neutrons from beryllium bombarded with 
a-particles there are present some groups with energies of several million 
electron-volts. These are accounted for by the process 

|Be+iHe^i|C-J-J«. (1) 

The ^|C may be left in an excited state and afterwards emit a y-quantum. 

There is also, as shown by Auger and others, a neutron group of energies 
of the order of c. 100,000 e-volts. Auger gave reasons for supposing that 
these neutrons are created in a process, where the incident a-particle first 
transfers some energy to the |Be, which then disintegrates in the following 
way: 

|Be 2|He -f- In, (6) 

This view is supported by the ideas of Bohr on nuclear reactions. The present 
paper describes experiments which give the 3 deld of the faster and slower 
neutron group and of the y-rays as a function of the a-particle energy. It is 
shown that the slower group is not accompanied by y-rays, and that it 
begins to be emitted at the a-particle energy which is just necessary for 
the process (6) to take place. 


Stability of Polyatomic Molecules in Degenerate 
Electronic States. II—Spin Degeneracy 

By H. a. Jahn 

{Communicated by Sir William Bragg, O.M,, P.R,S ,— 

Received 22 September 1937) 

It is shown that a polyatomic molecule cannot possess a stable non¬ 
inear nuclear configuration in an electronic state having spin degeneracy 
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unless this degeneracy is the special twofold one which can occur only 
when the naolecule contains an odd number of electrons. Instability caused 
by the spin alone is shown to be of secondary importance compared with 
the orbital eflfects discussed in a previous paper. Table I gives the 
irreducible two-valued representations of all the point groups and will be 
useful in discussion of the electronic states of polyatomic molecules con¬ 
taining an odd number of electrons with spin. 


Radioactive Nodules from Devonshire 

By M. Perutz 

{Communicated by J. D, Bernal^ F.R,S.—Received 28 September 1937) 


A Second-Order Focusing Mass Spectrograph and 
Isotopic Weights by the Doublet Method 

By B. W. Aston, !F.E.S. 

{Received 29 September 1937) 


Optical Activity in Ketones. The Rotary Dispersion 
and Circular Dichroism of m-Methyl Cyclohexanone 
and of Pulegone in their Ketonic Absorption Bands 

By the late T. M. Lowry, P.E.S., Delia M. Simpson 
AND 0. B. Allsopp 

{Communicated by R. G, W. Norrish, F,RB,—Received 1 October 1937) 

Molecular extinction coefi&cients, circular dichroism and rotatory dis¬ 
persion are recorded for m-methyl c|/c?ahexanone and for pulegone in the 
region of their ultraviolet absorption bands. Analysis of the rotatory dis¬ 
persion on the basis of the observed circular dichrosim shows that the 
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partial rotation due to the ketonic absorption band of methyl cj/cZo- 
hexanone is much greater than that of the single asymmetric carbon atpm, 
and is opposite in sign. A similar result is obtained for pnlegone, despite 
the conjugation of carbonyl and ethylenic double bonds. By comparison 
with the data for other optically active ketones containing more than one 
asymmetric carbon atom, it is concluded that in general the direct con¬ 
tribution of each asymmetric centre is itself small relative to that of the 
chromophoric group. In the light of MuUiken’s analysis of the electronic 
configurations of aldehydes, the optical activity of the carbonyl group is 
now attributed to the lone-pair electrons of the oxygen atom, and the 
theory ofinduced dissymmetry” is reinterpreted. A possible function of 
lone-pairs in producing optical activity in other ty^pes of compound is 
discussed. 


On the Penetrating Component of Cosmic Radiation 

By H. J. Bhabha 

{Communicated by B, H, Fowler^ F,R,S,—Received 4 October 1937) 

An analysis of the experimental data is carried through to show that a 
‘‘break down” theory for radiation loss of electrons cannot explain (1) the 
latitude effect at sea level from latitudes of 35 to 50®, (2) the large number 
of particles found at sea level in the difference curves of Bowen, Millik an 
and Neher for charged particles of 10^® e-vblts, (3) the shape of the transi¬ 
tion curve for large bursts. All these facts can be explained by assuming 
that the penetrating component consists of new particles with masses 
between those of the electron and proton. But in order to explain the 
enei^ loss measurements of Blackett and Wilson, one must then assume 
that these particles suffer large energy losses in addition to the ordinary 
BremstraMung which must vary in different substances as Z rather than 
as for example a change in the rest mass of the particles. 

The radiation loss and the pair-creation cross-sections taking screening 
into accoimt accurately for “heavy” electrons are calculated. The 
frequency of the production of showers of different sizes by such heavy 
electrons as also the intensity of electrons in equilibrium with such 
particles forming a soft component are also calculated, and it is shown that 
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though, both these are somewhat larger in heavier elements, the variation 
is much less than a law would give. 

If such heavy electrons can be created as usual in pairs, then a part of the 
hard component at sea level could consist of heavy electrons of mass 10m 
created by the soft component in the upper atmosphere. 

It is shown that there are reasons to suppose that the uppermost layers of 
the atmosphere are more absorbing than one should expect from their mass. 
This may be due to the fact that the atoms in these layers are largely 
ionized. 


On the Diamagnetic Susceptibility of Bismuth 

By M. Blackman 

{Communicated by R. H, Fowler, F.R,S.—Received 4 October 1937) 

An extension is made of the existing theory of the marked variation of 
the susceptibility of bismuth with field strength at low temperatures 
(known as the de Haas-van Alphen effect). The object of the investigation 
is to explain the finer features of the experiments, to accoxmt for the order 
of magnitude of the effect and for the dependence on the orientation of the 
binary axes. The extension consists in assuming a more general form for 
the relevant part of the surface of constant energy of the electrons. It is 
found possible to account for all the features of the susceptibility curves 
and also to fit the experimental curves fairly well. For this purpose one has 
to assume that the motion of the electrons is violently anisotropic and that 
only a small fraction of the conduction electrons contribute to the de Haas- 
van Alphen effect. 


Production and Dissipation of Vorticity in a 
Turbulent Fluid 

By G. I. Taylor, F.R.S. 

{Received 6 October 1937) 

When isotropic turbulence is set up in a fluid, e.g. by moving a grid of regu¬ 
larly spaced particles through it, the average vorticity decreases with tune; 
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this decrease is due to viscosity. Recently von Karman has calculated the 
rate at which vorticity is destroyed by viscosity. His equation involves only 
quantities which can be measured in a wind tunnel by means of the hot 
wire technique. These quantities have now been measured in one case, 
and the rate of decrease in the mean square of the vorticity has also been 
measured. In this case it is proved that the rate of destruction of vorticity 
by viscosity is four times as great as the rate at which vorticity disappears. 
Vorticity is therefore being produced by extension of vortex filaments 
three times as fast as it is disappearing. 

It seems that the stretching of vortex filaments must be regarded as the 
principal mechanical cause of the high rate of dissipation which is associated 
with turbulent motion. 


The Buckling of Grids of Stringers and Ribs 

By H. L. Cox, B.A. and H. E. Smth, B.Sc. 

Both of the pTigineeriTig Department^ National Physical Laboratory 

[Communicated by H. J. Cough, FMB.—Received 6 October 1937) 

The paper describes a theoretical analysis of the stability of a plane 
rectangular grid consisting of two sets of parallel members (stringers and 
ribs) intersecting at right angles, when loaded in compression parallel to 
one set of members (the stringers). Both sets are composed of a number of 
similar members of uniform section, spaced uniformly, and the ends of all 
the members are held in the original plane of the grid. The exact solution 
of this problem appropriate to certain special edge conditions is obtained 
both by consideration of the equations of equilibrium and by the Eayleigh- 
Eitz energy method, and the results are compared with previous solutions 
obtained by an, approximate method. 


The Emission Band Spectrum of Chlorine (Cl^).—^II 
By a. Elliott and W. H. B. Cameeon 
[Communicated by 8, R, Milner, F,R,S,—Received 7 October 1937) 
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The Hydrolysis of the Methyl Halides 

By E. a. Moelwyn-Htjghes 

{Communicated by E. K, Bideal, F,B.S.—Received 19 October 1937) 

For a chemical reaction proceeding with measurable rate, the most 
significant single constant is the energy of activation, found by the familiar 
method of Arrhenius. The value obtained is, in the majority of known 
cases, a true constant over the accessible temperature regions. In the case 
of the catalysed hydrolysis of some complicated molecules, namely the 
glykosides, it has, however, been found { 1934 ) that the energy of activation 
falls markedly with a rise in temperature. As the result carried significant 
theoretical consequences, it became necessary to give an experimental 
answer to the question as to whether this fall was specific to the acidic 
hydrolyses of glykosides, or of a more general character. In the present 
work, we have investigated the imcatalysed and uncomplicated hydrolysis 
of some very sim ple molecules, namely the methyl halides, and have found 
that in these cases also the Arrhenius constant falls as the temperature is 
raised. 

The fall effect seems to be most pronounced in, if not confined to, reactions 
involving collisions between solute and solvent molecules, and as far as can 
be judged is always negative. The conclusion is confirmed by collateral 
evidence on the mutarotation of glucose and the decomposition of oxalic 
acid. 

At least three causes are recognized as responsible for the total effect. 
They are ( 1 ) the distribution of energy among a number of oscillators, 
( 2 ) the electrostatic interaction of the polar molecules of solute and 
solvent, and ( 3 ) the frequency of the rotation of a solute molecule in the 
solvent atmosphere. 


On the Solution of the Laminar Boundary 
Layer Equations 

By L. Howabih 

{Communicated by L. Bairstaw, F.E.8.—Received 20 October 1937) 

Part I. The problem of the flow along a flat plate placed edgewise to a 
steady stream, when a retarding pressxire gradient varying linearly as the 
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distance x from the leading edge of the plate is superposed, is discussed. 
If y denotes distance measured perpendicular to the plate, a solution is 
obtained in the form of a power series in x whose coeficients are functions 
of yjx^. Differential equations are obtained for these coefficients. Seven 
of the coefficients have been obtained with reasonable accuracy and the 
eighth and ninth roughly. Unfortunately it appears that about eight more 
terms are required to carry the solution to the point of separation; the 
work involved in their determination is prohibitive. Two approximate 
methods have been developed for determining the error when the first 
seven terms of the series are used as an approximation. These methods lead 
to the determination of the point of separation and are in agreement as to 
its position. If Sq is the velocity at the edge of the boundary layer at the 
edge of the plate and is the velocity gradient, separation is found 
when bixJbQ = 0-120. 

Part II. A method is developed for the solution of the boimdary layer 
equations in any retarded region. It is obtained by replacing the velocity 
distribution at the edge of the boundary layer by a circumscribing polygon 
of infinitesimal sides and applying the preceding solution to each of these 
sides, Tnaking the momentum integral continuous at each vertex. The 
problem is thereby reduced to the solution of a first order differential 
equation. 


The Theory of the Photolysis of Silver Bromide and 
the Photographic Latent Image 

By R. W. Gubkey ahd N. F. Mott, F.R.S* 

{Received 21 October 1937) 

An attempt is made to explain the photolysis of silver halides in terms 
of the concepts of atomic physics. The mechanism by which the silver atoms 
formed by the light coagulate to form specks of metallic silver is discussed. 
The ideas used in this discussion are then turned to the photographic latent 
image, and are shown to account qualitatively for the variation of developed 
density with temperature, and, for given exposure, with intensity of light. 
A brief discussion is given of the Herschel effect, and of sensitization by 
dyes. 
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Self-consistent Field, with Exchange, for Calcium 
By D. R. Habtree, F.R.S. and W. Habtree 
{Received 27 October 1937) 

Calculations of the self-consistent field, with exchange, have been made 
for Ca++, and the results are given. 

Solutions of Fock’s equations, without allowance for the perturbation of 
the core by the series electrons, have also been carried out for the (4^), 
( 4 j 5 ) and (3d) states of Ca+ and (4^)^, (4^) (4j?) and states of neutral 
Ca. Energy values for all these states have been calculated and are com¬ 
posed with the observed values; it appears that exchange effects have con¬ 
siderable influence on the relative strengths of binding of a (45) and a (3d) 
electron, and so are significant from the point of view of the position of 
the beginning of the transition group of elements in the periodic table. 

Transition probabilities have also been calculated for the (45)-(4^) and 
(3d)’-(4p) transitions of 0a+ and the (45)2-(45) (4j)) singlet transition of 
neutral Ca; these transitions all give lines of astrophysical interest, and 
absolute values of transition probabilities may have astrophysical applica¬ 
tions. 


The Continuous Absorption Spectra of Alkyl Iodides 
and Alk yl Bromides and their Quantal Interpretation 

By D. Pobeet akd C. F. Goodbye 
{CorriWMuiccded by F. 0, Donrhan^ F.R.S.—Received 27 October 1937) 

The extinction coefScient curve for methyl iodide has been analysed 
according to the method used by Fmk and Goodeve, and the existence of 
two bands has been deduced. The upper potential energy curves corre¬ 
sponding to these bands have been determined. 

The extinction coefficients of ethyl iodide and of ethyl and butyl bro¬ 
mides have been determined over a wide range. Influence of the carbon 
chain has been found to be small. The conditions under which chromo- 
phoric groupings retain their individuality have been discussed. 
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The Measurement of Particle Size by the X-ray Method 

Br F. W. Jones 

[Cornriunieated by W. L. Bragg, P.B.8.—Received 23 October 1937) 

Laue’s theory of the broadening of the X-ray diffraction lines by small 
particles has been discussed and a different value of a constant <y is found. 
New methods applicable to any type of Debye-Scherrer camera are given 
for correcting the line breadths for the effect of experimental conditions 
and the separation of the a-doublet. As an example of the use of these 
methods a specimen of colloidal gold has been examined and the particle 
size and shape determined, the procedure in the shape determination 
havit^ been simplified and made of general use by means of “shape- 
curves”. An attempt has been made to estimate the order of the error 
introduced by the particle size distribution. 


Resolution and Interpretation of the Luminescent 
Spectra of some Solids at Low Temperatures 

By J. Ewles 

{C(>mmunicated by R. WMddington^ F.R,8,—Received 23 October 1937) 

Resolution of the cathode luminescent spectra of some solids has been 
obtained at the temperature of liquid air. It is suggested that the spectra 
may be accounted for as electron -vibration bands derived from a neutral 
metallic atom or an ion of the parent lattice still associated with the lattice. 
This idea is found to account for the luminescent spectra of a number of 
solids—^some investigated under cathode ray excitation by the writer and 
some under various modes of excitation by other workers. A possible 
explanation of some types of phosphorescence is outlined—Abased on the 
firequent occurrence of metastable levels in the suggested atomic transitions. 


The Infra-red Absorption Spectrum of 
Methylene Chloride 

By C. Cain and G. B. B. M. Stjthbkland 
{Communicated by R. 0- W. Norrisk, F,R,S,—Received 24 October 1937) 
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The Infra-red Absorption Spectrum of 
Methylene Chloride 

By C. Cain and G. B. B. M. SutheeXxAnd 

{Communicated by R. G. W. Norrish, F.R.S.—Received 29 October 19^7) 

The infra-red absorption spectrum of methylene chloride has been 
examined between 2fi and 12/e with a prism spectrometer. Twenty-six 
bands have been observed of which sixteen are recorded for the first time. 
The agreement with earlier experimental work on the vibration spectrum 
of this molecule is satisfactory. In particular, the existence of a very 
intense absorption band which cannot be a^ccoimted for on the current 
assignment of fundamental frequencies h^ been cocLfirmed. The expla¬ 
nation of this absorption band has necessitated a reinterpretation of the 
whole vibrational spectrum. This has been done using (!) the method of 
semi-independent groups, (2) an application of the isotope effect in poly¬ 
atomic molecules of the type The latter method is a surprisingly 

successful way of approximating to the ‘‘inter-group” frequencies of a 
polyatomic molecule and should be capable of wide application in this 
field. 


Two New Echinoidea from the Upper Silurian of Girvan 

By E. W. MacBbidb, F.R.S. aitd W. K. Spbncbb, F.R.S. 

{Received 25 August 19S7) 

The communication deals with two new Echinoids from the Ordovician 
and a new form interpreted as the first known plated Holothuiian. 

The new Echinoids are important because they prove that typical 
Palaeozoic Echinoidea, which characteristically differ in many important 
characters from later Echinoidea, existed in the Ordovician. Previously it 
had been supposed that a form with very different build, 
was the typical Ordovician Echinoid. The new forms in consequence have 
important bearing on the Echinoid ancestry and evolution. They are very 
well preserved, giving views both of the outer portions of the tot and the 
test interior and are easier to study than any of the later Palaeozoic forms. 
A rather surprising discovery is that one of the Echinoidea is elongated 
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and bilaterally symmetrical, somewhat like a recent Heart Urchin but with 
a different plane of symmetry. 

At least one Holothurian, Gucumaria, is known to have a plated test in 
an early developmental stage. It is consequently of considerable interest 
that a plated Holothurian is now known to occur in the early Palaeozoic. 
The form in most respects has a marked resemblance to an Echinoid and is 
very good evidence of the view that Echinoids and Holothurians are nearly 
related. It is suggested that the Echinoids show distinct relationship with 
the primitive starfish but detailed homologies between starfish, Echinoids 
and Holothurians are reserved for a later paper. 


On Individual Variations in Ability to Acclimatize 
to High Altitudes 

By a. Keys, B. H. 0. Matthews, W. H. Eorbes, 

R. A. McFarland and D. B. Dill 

(Communicated by Sir Joseph Barcroft, F,R,S.—Received 31 March 1937) 

1. The International High Altitude Expedition made observations at 
sea level, 9000, 12,000, 16,000 and 20,000 ft. of the physiological constitu¬ 
tion of ten normal subjects. An attempt is now made to correlate these 
observations with acclimatization. 

2. The capability of acclimatization of the members of the party was 
graded by a questionnaire to which all gave answers as to the deviation in 
physical and mental performance jfrom their sea level values, of aU members 
of the party. By this classification the members of the party were arranged 
in order at each altitude. 

3. A number of physiological properties were observed at sea level, and 
at each station. No one of these yielded a good correlation with the 
classification referred to in paragraph 2 (above), but the whole series taken 
together with suitable empirical coefficients yield a good correlation with 
the acclimatization classification. So much so as to encourage the belief 
that it would thus be possible to predict from sea level measurements 
whether an individual would acclimatize well or badly. 
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Electrotonus and Excitation 

By H. Rosenberg 

{Communicated by A, V. Hill, Sec.R,S.—Received 4 May 19^7) 

When an electric current is applied to a nerve a potential difference 
across the axon membrane is developed. It has previously been suggested 
that this potential is the intrinsic stimulus, and that the attainment of a 
certain critical potential beneath the stimulating pole is the threshold 
condition for excitation. On the basis of the core-conductor theory it is 
assumed that this potential is measured when the electrotonic potential 
between the pole and a distant extrapolar point is determined. New 
experimental evidence with respect to this conception is submitted and 
related with the physical theory of excitation in nerve (Hill). The main 
results are: 

The voltage-capacity relation for constant subliminal electrotonus fits 
closely the theoretical curve which represents the data for threshold 
stimulation with condenser discharges. Similarly the intensity-frequency 
relation of electrotonus is in agreement with theory and experiment of 
threshold stimulation by sinusoidal currents within a certain frequency 
range (300 and 3000 hz.). The time constants derived from observations 
on electrotonus at the cathode are only about half of those obtained in 
excitation. If, however, the time constants are determined for catelectro- 
tonus at a short distance from the pole, they are comparable with those 
found in excitation. Hence the hypothesis is advanced that the establish¬ 
ment of a gradient of critical potential along a finite length of nerve is the 
threshold condition for excitation. Other possibilities are discussed. 


The Effect of Temperature on the Photochemical 
Bleaching of Visual Purple Solutions 

By H. J. a. Dartnajx, C. F. GtOODEve and R. J. Lythgoe 

{Communicated by Sir John Parsons, F,R.8,—Received 5 May 1937) 

Using a new method of extraction, the authors have prepared solutions 
of visual purple much freer from foreign matter than those obtained 
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hitherto. Photochemical bleaching curves have been obtained using mono¬ 
chromatic light, -with the solutions at various temperatures from 5-60° C. 
The theoretical treatment of bleaching curves developed hi a previous 
paper {Proc. Roy. Soc. A, 1936 ,156, 158 ) has been extended to allow correc¬ 
tions to be made for the thermal bleaching occurring at the higher tem¬ 
peratures. Anomalous effects were found to occur at 10-15° C. owing to 
the production of a coloured substance “transient orange” and its 
decomposition. At lower temperatures this substance was found to be 
stable and it has been shown that the theoretical equation for the bleaching 
curve applied also in this range. 

Tlie results of 25 experiments showed that the extinction coefdoient and 
the quantum efficiency are both independent of temperature and pH. 
Purther aiguments are put forward to support the contention that the 
quantum efficiency of the bleaching process is 1 or not much less than 1 . 
On thiB basis a value for the molar extinction coefficient is derived which is 
found to be normal for this type of chromophoric grouping. 


The Monaural Threshold 

By J. W. Hughes 

{GommunicoMd hy T. Graham Brown, F.RB.—Received 26 May 1937) 

The change of threshold intensity in one ear when a note of fixed 
subliminal intensity is sounded in the other has been determined by 
direct experiment. The results of the investigation show that for two notes 
in unison, the total energy required in the two ears at the ‘‘binaural thres¬ 
hold ” is equal to the energy required in one ear at the monaural threshold, 
independently of the actual division of energy between the two ears. For 
two notes of different frequencies, the result still holds good in the form 



where represents the monaural threshold intensity, and the intensity 
of the note present in the same ear at the binaural threshold, the sub¬ 
scripts R and L referring to the two ears. The bearing of the results on the 
theory of hearing is discussed. 
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Tlie External Mechanics of the Chromosomes 
VI—The Behaviour of the Centromere at Meiosis 
By Margaret Upcott 

{Communicated by Sir Daniel Hall—Received 26 June 1937) 


The Control of Beating and of Micro-fihrillation by 
Means of Potassium, Calcium and Sodium in 
the Chick Embryo Heart 

I—Calcium Fibrillation and the Control of Beating 

By P. D. P. Mtjrray 

{Communicated by Sir Henry Dale, JP.R.S.—Received 12 July 1937) 

The principal experimental results axe summarized in Table VTTT 
The numbers in square brackets m the summary refer to the numbers of 
experiments in this table. 

(1) The effect of various solutions on the heart was studied [1-6]; in 
the majority of experiments [7-21] two or three solutions were used with the 
object of examining the effect of each solution on hearts previously treated 
with various other solutions. 

(2) Hearts which had been treated with media lacking potasaum were 
readily thrown into fibrillation by small quantities of calcium (GaOg 
0-03 %) [7, 8, 9, 10], but if small quantities of potassium (KCl 0-06 %) were 
present in the first solution, this protected them against the fibrillating 
action of small quantities of calcium in the second [5, 14, 16, 16, 17]. 

(3) When hearts treated with solutions lacking potassium were trans¬ 
ferred to solutions containing calcium, but not potassium, fibrillation 
occurred, and was not transient [10]. But if the second solution contained 
both potassium and calcium, fibrillation was transient, ceasing in a few 
minutes [7, 8, 9]. 

(4) The observations recorded in a separate papor (Watchom and 
Murray) show that potassium was lost from hearts when they w^e treated 
in solutions lacking potassium. There is indirect evidence that pota^um 
was also lost in Na-hifc [16]. 



g 38 Abstracts of Papers 

(5) It is concluded (discussion) that fibrillation in the medium depends 
upon an abnormally hig h ratio between calcium at the cell surface and 
potassium in the cell interior, i.e. on Caj/K^. 

(6) Stimulation of the beat (strengthening, or restoration after loss) 
occurred when the hearts were transferred to a solution containing more 
or relatively more calcium than was present in the first solution [5, 7, 10, 
14,15,16], unless the effect was prevented by the presence of large quantities 
of potassium [8, 9, 17]. If the hearts were not potassium-poor, the 
improved beating was maintained for long periods [14, 16, 16], but if 
the hearts were potassium-poor the stimulation was at once followed by 
stoppage of the beat. If the second solution contained no potassium the 
stoppage was permanent [10]; but if the second solution contained small 
quantities of potassium the beat subsequently returned [7]. 

(7) When hearts were transferred to solutions containing more, or 
relatively more, potassium than the first solution (but not more calcium 
nnlfisa potassium greatly preponderated over it), the beat was depressed 
or stopped [4, 8, 9, 11, 12, 13, 17, 18, 19, 21]. The inhibitory effect of 
potassium appeared much more rapidly if the hearts were potassium-poor 
than if they were not. 

(8) I^m these and a large number of other facts it is concluded 
(discussion) that the influence upon beating of potassimn and calcium 
in the medium depends upon the ratio between potassium and calcium 
at the oeU surfaces and potassium in the cell interiors (i.e. upon C&gfK^ 
and Elg/Ki), but not upon the ratio between the two ions at the surface 
(i.e. Ca^/Kg) except in so far as this affects Csg/K^ and Kg/K^. Rise of 
the ratio Kg/Kj is inhibitory of beating, of Cag/K^ stimulatory, provided 
it does not rise too high, when it stops beating and induces fibrillation. 


The Royal Society Expedition to Montserrat, B.W.I. 
. The Volcanic History and Petrology of Montserrat, 
with Observations on Mt. Pele in Martinique 

By a. Gr. MaoGbbgob 

{Gomanunicated by E. B. Bailey, F.B.8.—Received 20 July 1937) 
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Oscillographic Study of Electron Transfer by Yellow 
Ferment and by Cytochromes during 
Muscular Contraction 

By E. Urban and H. B. Pexjgnet 
[Communicated by D. Keilin, F.R.8.—Received 18 Avgust 1937) 

An apparatus is described which records instantaneous changes in the 
absorption spectrum of muscle. 

By means of this apparatus, it is shown that yellow ferment and cyto¬ 
chrome c are active during the aerobic contraction phase of a gastro¬ 
cnemius muscle. 


Stimulation of the Corpora Lutea of the Rat by Means 
of Progesterone and Testosterone 

By T. McKbown and S. Zdokebman 
Department of Human Anatomy, Oxford 

{Communicated by W. E. Le Chros ClarJc, F.R.S.—Received 25 August 1937) 

Normally cyclic female rats were injected with testosterone propionate 
or progesterone daily for from 9 to 11 days. At autopsy several ^nt 
corpora lutea were seen in the ovaries of all the experimental a nimals . 
The activity of these corpora is indicated by progestational changes in the 
uterus and by the production of a deciduoma in one of the rats that had 
been injected with testosterone. Similar endometrial changes were noi 
induced in spayed rats that were injected with oestrone followed by 
testosterone or with testosterone alone. The luteinization observed in the 
ovaries was either a direct effect of the injections, or an indirect one due 
to the suppression of follicles. 


Loss of Potassium from Embryonic Chick Hearts in 
Potassium-free Media with and without Calcium 

By E. Watohobn aiitp P. D. E. Mtjbbay 
{Communicated by Sir Henry Dale, F.R.S.— Received 26 August 1937) 
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Factors Influencing the Etfectiveness of 
Administered Hormones 

By R. Deanesly akd A. S. Pabkes, F.E.S. 

{Received 9 September 1937) 

1. Pxirther work has been carried out on the relation between method of 
administration and effectiveness of hormone preparations. 

2. The response of the capon’s comb and of the accessory glands of the 
castrated rat has been used in the study of androgenic activity and the 
response of the plumage of the Brown Leghorn capon in that of gynogeiiic 
activity. 

3. Experiments are described on the degree of subdivision of the total 
dose, nature of the solvent, addition of fatty acid to the solution, esterifica¬ 
tion of the hormone, volume of medium and route of administration. 

4. The influence of these different variables may be quite different for 
different substances, and it is concluded that no valid quantitative com¬ 
parison of two compounds can be made without a careful examination of 
the conditions necessary for maximum effectiveness. 

5. CJertain of the free hormones show greatly increased effectiveness 
wh^ given in dry form by the subcutaneous implantation of tablets or 
crystals. Recovery of the residue of the tablet from the rat after a ten-day 
pmmd of experiment has made it possible to estimate the amount of hor¬ 
mone actually absorbed, and successive implantations of the same tablet 
to successive groups of rats has enabled the maximum effectiveness of a 
given dose to be determined. 

6. The ^ters lose their increased effectiveness when given by intra- 
p^itoneal or intravenous injection and it is concluded that the prolonga¬ 
tion of action by esterification is due to delay of absorption from the site of 
injection rather than to slow hydrolysis of the compound after absorption. 

7. In general, it seems that the free hormones lose their inferiority to 
the esters if the method of administration ensures slow absorption, whereas 
the esters lose their superiority to the free hormones if absorption is rapid 
or instantaneous. 
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Studies on the Onychophora. IV 

By S. M. Manton 

{Communicated by W. T, Caiman, 8,—Received 15 September 1937) 

1. The passage of spermatozoa to the ovarian lumen from the spermato- 
phores attached to the body of the female is described. 

2. Bellowing the deposition of a spermatophore, leucoc 3 rtes invade the 
subcutaneous region and break through the ectoderm. The cuticle of the 
body and the lower wall of the spermatophore are ruptured. 

3. Spermatozoa swim from the spermatophore through the perforated 
cuticle and ectoderm and reach the vascular spaces. They pass through 
the haemocoel by their own activity and reach the ovary. 

4. Clumps of spermatozoa force their way through the ovarian wall to 
reach its lumen- 

5. The spermatophore wall remains attached to the cuticle, so closiog 
the wound caused by the entry of the spermatozoa. The ectoderm 
regenerates and forms a new cuticle which is exposed at the next eedysis. 

6. The earliest oogonia in adult animals He freely in the ovarian lumen 
among the spermatozoa. Their cytoplasm is invaded by sperm heads. 
They divide to form ova which absorb the sperm heads and grow. 

7. Each ovum sinks into the germinal ridge epithehum. The formation 
of the egg foUicle and ovarian egg membrane are described. 

8. The ripe ovum passes through the folHcle stalk back to the ovarian 
lumen. Here it emerges from the egg membrane. Fertilization tak^ place 
and the egg passes down the oviduct. The fertilized egg swells rapidly and 
a membrane is formed round it, which is probably the fertilization mem¬ 
brane. The oviduct secretes a second very thick membrane outside the 
first; only this second membrane persists during embryonic life. 

9. The spermatozoa in the ovary (1) fertiHze the eggs, (2) provide the 
early ova with nutriment necessary for their growth, and (3) may supply 
the animal with nourishment or other special substances. 
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Studies in Stimulation Phenomena in Plants 
due to Bcbcterium solanacearum 
By B. J. Grieve 

{Ocmmunicated by A. J. Ewart, F,R.8.—Received 21 September 1937) 

1. A detailed study has been made of petiole-epinasty in plants invaded 
by the vascular parasite, Bacte/rium solanacearum E.F.S. It has been shown 
to be an irreversible growth reaction and has been demonstrated to occur 
m infected potato, tomato, castor oil and African Marigold plants. 

2. The reaction has been shown to occur mainly when invasion of the 
petioles is unilateral or apparently unilateral. It may also occur before the 
invading organisms enter the petiolar bundle. 

3. Petiole-epinasty is conditioned by the plant variety, its size, the 
point of inoctdation, and by environmental conditions. A high water 
content in potentially reactive petioles is a necessary condition for the 
occurrence of the growth reaction. 

4. The growth reaction has been shown to be independent of gravity. 

5. Experinaents designed to determine the proximate cause of petiole- 
epinasty showed that the bacterial secretion heteroauxin, while being 
produced in culture media, was not produced in sufficient amount in the 
invaded vessels to bring about the growth reaction. Tests to determine 
whether the alkaline reaction in invaded vessels, or the ammonia to which 
it is largely due, was a causal factor in petiole-epinasty, gave negative 
results. It was found, however, that the opposite condition of hyponasty 
could be induced in plant parts by placing them in certain acid buffer 
solutions. The evidence points to the conclusion that it is some toxic 
by-product of bacterial metabolism, as yet unidentified, which acts as the 
proximate cause of the reaction. 

6. A possible mechanism of the growth reaction is suggested and the 
importance of the water factor in relation to this is discussed. 


The Effect of Freezing on Bacteria 

By R. B. Saxptes 

(Communicated by Sir Joseph Barcrqft, F,RB ,— 

Received 25 September 1937) 

1. Rapid freezing of aqueous suspensions of bacteria under defined 
conditions leads to death of a constant proportion of the cells, varying 
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from about 80 % with the most sensitive organism, B, pyocyaneits^ to little 
or none with spores. 

2. The temperature or rate of freezing appears to have little effect on 
the mortality within specified limits. 

3. Storage of aqueous suspensions of bacteria in the frozen state at 
temperatures from ~ 1 to - 20° C. gives a most rapid rate of death near 
the highest temperature of storage. 

4. It is shown that storage at - 2° C. of a frozen solution of the native 
cellular proteins of B. pyocyaneus, extracted at low temperature, leads to 
rapid coagulation of one fraction of the proteins. Such flocculation is 
negligible at — 20° C. 

5. It is suggested either that two factors are responsible for the death 
of the bacterial cell on freezing: one unknown, but apparently not 
mechanical, and the other, some change leading to flocculation of the 
cellular proteins; or else that there is in reality one process, leading to 
coagulation, but with a time-lag, so that coagulation is not found on 
immediate freezing and thawing. 


Dominance in Poultry; Feathered Feet, Rose Comb 
Internal Pigment and Pile 

By R. a. Fishek, F.R.S. 

{Received 27 September 1937) 


The Suppression of Oestrus in the Rat during 
Pregnancy and Lactation 

By T. McKbown aitd S. Zttckbbmab- 

From the Department of Human Anatomy, Oxford 

{Communicated by W. E. Le Gros Clark—Received 5 October 1937) 

Destruction of the corpora lutea of both ovaries of seven rats by means 
of a thermocautery at various times between the third and seventh days 
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of pseudopregnancy led to the reappearance of oestrus within 4 days 
(experimental dioestrus of 7 to 11 days). The contrql pseudopregnancy in 
five unoperated animals lasted 12 to 16 days. 

The corpora lutea of three pregnant animals were destroyed and the 
foetuses and placentae were removed on the 6th, 6th and 7th days of 
gestation respectively. Oestrus occurred 4, 7 and 3 days later respectively. 
The corpora alone were destroyed in two pregnant animals on the 4th and 
5th days of gestation; oestrus reappeared on the 8th and 9th days respec¬ 
tively. In three control operations Caesarian section on the 6th, 7th and 
7th days led to the reappearance of oestrus on the 12th, 14th and 14th days 
respectively. 

Oestrus did not follow destruction of the corpora lutea of 12 rats which 
were operated on at various times between the 11th and 16th days of 
pregnancy. Two of these animals aborted as the result of the operation and 
most of the others showed partial resorption of the uterine contents. In 
only one was pregnancy normal. 

Oestrus did not occur in four lactating animals that were left with their 
litters after destruction of the corpora lutea of both ovaries. Oestrus 
reappeared within six days in seven of eight lactating animals that were 
weaned soon after the same operation. 

These facts show that the placentae as well as the corpora lutea have the 
power of suppressing oestrus, and that the progestm-threshold for the 
inhibition of oestrus in the second half of pregnancy is relatively low. 
The suppression of oestrus during lactation is probably due to the lack of 
follicle-stimulating hormone, but both the corpora lutea and the lactogenic 
hormone of the pituitary are also able to inhibit oestrus. 


Progonadotropic sera 

By I. W. RowiiAJSTDS 

[Ccmmunicaied by A. S. Parkes, F.B.S.—Received 20 October 1937) 

The seraiu of a ^eep receiving a course of injections of extract of sheep 
pitoitiay did not show antigonadotropic activity, but possessed the power 
to augment the activity of an extract prepared from the same species on 
test rats. 
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The serum of a goat injected with pig pituitary extract augmented the 
action of pig, sheep and ox pituitary extracts in promoting ovarian growth 
in the immature rat; at the same time, this serum inhibited the ovulation- 
produoing activity of the same extract of pig pituitary m the oestitous 
rabbit. The serum also inhibited the gonadotropic action on the rat ovary of 
extracts of horse pituitary, pregnant mare sermn and human urine of 
pregnancy. 

This augmentatory action is perhaps explicable by reference to Evans’s 
pituitary antagonist. 


The Specificity of Antigonadotropic Sera 

By I. W. Rowlakbs 

{Communicated by A. S, Parkes, —Received 20 October 1937) 

The specificity of various antigonadotropic sera has been investigated, 
and an attempt has been made to classify the reactions according to 
“species-specificity” and “source-specificity”. 

Antisera were obtained to gonadotropic extracts of ox pituitary, horse 
pituitary, human urine of pregnancy and pregnant mare serum. All were 
prepared in rabbits, except an additional antiserum to urine of pr^nancy 
extract which was prepared in a goat. The activity of the antisera was 
tested by their ability to inhibit the effects on immature rats and oesinous 
rabbits of gonadotropic extracts of horse, ox, sheep, pig and human 
pituitaries, human and mare pregnancy serum and human urine of 
pregnancy and placenta. 

Complete “species-specificity” is shown by the reaction of the antisera 
to gonadotropic extracts of human urine of pregnancy and pregnant mare 
serum, whereas antisera to similar extracts of pituitary origin exhibit only 
incomplete “species-specificity”. Cbmplete “source-specificity”, on tiie 
other hand, is only found in the reactions of the antiserum to gonadotropic 
extracts of pregnant mare serum. 

The difficulties encountered in the interpretation of th^e r^ults and 
their bearing on the probable occurrence in the pituitary of separate follicle- 
stimulating and luteinizing hormones and of a gonadotropic antagonist is 
discussed, and it is concluded that much more evidence is required before 
such specificity as is shown by antigonadotropic sera can be ascribed to 
immunological factors. 
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The Effect of Sex Hormones on Lactation in the Rat 

By S. J. Follby and S. K. Kon 
National Institute for Research in Dairying, University of Reading 

ifiornnuu/nicated by A. 8. Pa/rhes, F.R.8.—Received 20 October 1937) 

1. Administration of oestradiol monobenzoate (approximately 0-3 mg. 
per 100 g. body weight daily) to intact lactating rats causes a marked 
inhibition of lactation. 

2. In rats ovariectomized on the day following parturition, the inhibi¬ 
tory effect of similar doses of oestradiol monobenzoate, while definite, was 
much less marked. 

3. Testosterone propionate (approximately 0-4 mg. per 100 g. body 
weight daily) administered to lactating rats also inhibited lactation, while 
progesterone and androsterone m doses of approximately 0-3 mg. per 
100 g. body weight daily had no effect on lactation. 

4. Rats ovariectomized on the day following parturition and then given 
dafiy injections of sesame oil lactated satisfactorily. 

6. The bearing of these results on the theoretical aspect of lactation is 
discussed. 


The Genetical and Mechanical Properties of the 
Sex-chromosomes 

IV. The Golden Hamster 

By P. C. Kollbb 

{Institute of Animal Genetics, University of Edinburgh) 
{Communicated by A, S, Parkes, F.R,8.—Received 20 October 1937) 

1. The diploid number of chromosomes in the golden hamster {Gricetus 
awratus) is 38. The chromosomes at mitotic metaphase show differences in 

and shape. 

2. The sex chromosomes are the largest of the complement. The X 
and Y chromc^mes of the male are morphologically very alike and show 
no significant size difference. They are approximately 4-5-5 long, and have 
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a subterminal centromere. The ratio of the length of the two arms is 
about 1 : 4. 

3. During meiotic prophase the sex complex is composed, of two 
regions; one a precociously condensed, the other non«condensed or diffuse. 
The former is identified as the associated homologous or pairing segment 
of the X and 7 ; the latter gives rise to the diEferential segment of the X. 

4. Two types of sex bivalent are formed with unequal frequency at 
meiotic metaphase; asymmetrical (81-6%), indicating pre-reduction, and 
symmetrical (18-4%) conditioning the post-reductional segregation of the 
differential segment. 

5. The centromere is localized in the pairing segment; consequently 
chiasmata representing genetical crossing-over between the X and 7 
chromosomes, can be formed on both sides of the centromere. At metaphase 
the chiasma-frequency in the sex bivalent is less than in the autosomal 
bivalents. 

6. The sex chromosomes are unpaired or fail to form chiasmata after 
pairing in about 8 % of the primary spermatocytes. The failure is brought 
about by the strong precocity of the pairing segment. 

7. Analysis of the morphological structure and behaviour of the dif¬ 
ferential segment suggests that at meiotic metaphase it has minor relic and 
interchromatid relational coiling. Coils, which are characteristic of the 
pairing segment and of the autosomal bivalents, are absent. 

8. It is predicted that in hamster there are great numbers of genes, 
which will exhibit very little sex linkage, though they are borne in the sex 
chromosomes. These genes are localized in the pairing segmmit of the 
X and r. 


The Geological History of the Lake Rudolf Basin 

By V. E. Extohs, M.A., Ph.D. 

{Communicated hy 0. T. Jones, F.B.8-—Received 25 October 1937) 

This is an account of the geology of an area the greater part of which 
has not been described. It is important because it include the northern 
continuation of the Kenya Rift VaUey fractures and because it extends 
to the Central African region of which the climatic and volGanic history is 
known. 
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The first movements which affected the region began in the late Oligo- 
cene and continued periodically into the Upper Pleistocene. Particular 
interest is attached to these movements for not only do they form the 
northern continuation of the Kenya fractures, but there is some evidence 
in this region that they were of a compressive nature. 

The initial fracture cut off the north extension of the late Oligocene 
peneplain of Uganda, and upon its downthrow side a series of Miocene 
sediments and volcanics accumulated. The former are correlated with 
Gregory’s Nyasan (Kamasian) deposits of the Baringo area in the south. 
The whole Miocene series was then folded from east to west and accom- 
pa^ed by faulting; these Pliocene movements gave rise to the topography 
of the early Pleistocene lake basin. The deposits formed in the latter were 
disturbed by still later movements which, accompanied by vulcanicity, 
completed the lake basin in its present form. 

Today the lake does not occupy so large an area as it did because flluotu- 
atiog but progressive desiccation has lowered its level by more than 300 ft. 
since Acheulian times. Everywhere its past high-water marks are defined 
by lake beaches contain i ng mammalian and moUuscan remains together 
with the stone implements of early man. An interpretation of the evidence 
afforded by these beaches is offered and the events within the Lake Rudolf 
Basin are correlated with those already known in Kenya and Uganda. 
Modem conditions indicate that the desiccation of the area still continues. 
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Significance Tests for Continuous Departures from 
Suggested Distributions of Chance 

By H. Jbepebys, F.R.S. 

■ {Received 1 November 1937) 

A method is developed for testing whether a set of observed frequencies 
support a uniform distribution of chance or a suggested departure from it, 
and is applied to linear and harmonic departures. A modification applic¬ 
able to grouped data is given, and a possible way of extending the method 
to test departures from suggested non-uniform laws of chance is described. 
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The Male Sexual Stage in Salmon parr 
(Salmo salar juv.) 

By J. H. Oeton, J. W. Jones and G. M. King 
{Communicated by J. Qrayy F.R.8.—Received 2 November 1937) 

A high proportion, about 40 %, of the population of two- and three- 
year-old salmon parr become sexually mature in October in the River Dee, 
Wales and Cheshire. There is virtual proof that they spawn on the immi¬ 
grating adult female salmon redds before migrating to the sea as smolts. 
Mature and maturing male parr have been observed constituting a large 
proportion of the population in other rivers in Great Britain, Norway and 
Finland, whence it is highly probable that most or all of the males of 
Salmo scdar normally attain their first sexual maturity and spawn in the 
river in which they are reared. The phenomenon of early sexual maturity in 
the salmon is comparable with late paedogenesis. 


The Two-dimensional Hydrodynamical Theory of 
Moving Aerofoils—II 

By Rosa M. Moreis, B.So. 

{Cimmunicated by L, N. G, Filon^ F.R.S.—Received 2 November 1937) 

The discussion of our solution of the problem of a general cylinder moving 
in liquids is generalized to include the effect of a vortex sheet wake extend¬ 
ing backwards in the liquid from a trailing edge. Assuming the wake to be 
of any shape and to have associated with it a total circulation which is 
equal and opposite to that of the main circulation round the cylinder, 
general formulae are derived for the potential function of the fluid motion 
and the resultant of the fluid pressures on the cylinder boundary. 

As steps in the analysis the solution of the problem of this general 
cylmder at rest (i) in a uniform stream, (ii) in a stream due to an external 
line vortex paraUei to its axis, are solved in detail. 

The general formulae are then examined in their approximate form under 
conditions analogous to those assumed for the particular problems whose 
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solutioias axe already known, with the object (i) of determining the first 
order effects of camber and thickness, and (ii) of verifying the approximate 
theoretical results now used in practice. The result that the camber and 
thickness have no effect on the force (lift or drag) and only a small effect on 
the couple when there is acceleration, is verified but in a form which shows 
the precise conditions, governing the degree of approximation involved. 

The result for the lift arising jBcom the circulations, however, differs from 
that usually given. It is shown that under the usual conditions assumed 
for the wake, the lift force produced is greater than that produced by the 
corresponding simple circulation, and that this greater lift is attained 
without the drag which accompanies it in the simple circulation. 


On the Velocity and Temperature Distributions in the 
Turbulent Wake behind a Heated Body of Revolution 

By S. Tomotika 

{Communicated by G. /. Taylor, F.RM,—Received Z November 1937) 

In the present paper, Taylor’s modified vorticity transport theory of 
turbulence is applied to the calculation of the velocity and temperature 
distributions in the turbulent wake behind a solid of revolution which is 
placed in a uniform stream such that its axis of revolution is parallel to the 
direction of the undisturbed velocity. 

In order to carry out the calculation, it is assumed, with Piandtl, that for 
sufficiently high Reynolds numbers and at a sufficient distance downstream 
there is geometrical and mechanical similarity in different sections of the 
wake and that the values of the mixing length at corresponding points in 
different sections are proportional to the breadths of the sections. Also, 
the isotropy in turbulence is assumed. 

Assuming the mixing length to be constant over any one section, the 
distribution of mean velocity is first calculated and the r^ult is compared 
with the results of Schlichting’s and Simmons’s ol^rvations. The agree¬ 
ment between theory and observations is not quite satisfactory. 

Next, the distribution of temperature is calculated. However, the 
comparison of the theoretical result with observations m not made, 
because no measurements of the distribution of temperatui^ in the wake 
behind a heated body of revolution have yet been made. 
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Application of the Modified Vorticity Transport Theory 
to the Turbulent Spreading of a Jet of Air 

By S. Tomotika 

{Communicated by Q. I. Taylor, F.B.8.—Received 3 November 1937) 

The turbulent spreading of a jet of air emerging from a small circular 
aperture is discussed on the basis of Taylor’s modified vorticity transport 
theory of turbulent motion. Assuming the isotropy in turbulence, the 
distribution of mean axial velocity is calculated for any one section of the 
jet whose distance from the aperture is great in comparison with the 
diameter of the aperture. The calculated curve is compared with the 
Gottingen measraements and the fairly satisfactory agreement between 
theory and observations is found, as in the case of Tollmien’s calculation on 
the basis of Prandtl’s momentum transport theory. 


Croonian Lecture—The Transport of Materials in Plants 

By H. H. Dixon, P.R.S. 

{Received 5 November 1937) 

Movement of water regarded as motion down a vaponr-pressure gradient. 
Need of cohesion. Conditions of aqueous cohesion. Measurement of the 
tensile strength of sap. Demonstration of the tensile state of the water in 
the conducting tracts (wood, xylem) of plants. Action of adjacent hviag 
cells. ‘‘Suction pressure”, rarely a lifting force, comes automatically into 
equilibrium with the vapour pressure m the conducting tracts at the same 
level. Hence observed “suction-pressure” gradient. Osmotic pressure in 
cell vacuoles, compared to supporting structures in the conducting capil¬ 
laries. Correspondence between the osmotic pressures and the resistance 
experienced by the transpiration stream. Transpiring cells secretory; 
abstract the solvent from the solution. Transpiration into saturated spac^ 
by means of respiratory energy. Tension in solvent; solutes in compression. 

Temperature and cell permeability. Local fluctuations of temperature 
lead to changes of permeability and reversals in water-movement. Trans- 
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piration current carries solutes. Wood a channel of transport. Mason and 
Maskell s work; Bast (phloem) also an effective passage for solutes. 
Mechanism of movement. Muench’s hypothesis. Thermo-electric method 
demonstrates simultaneous upward and downward movements. 

Transport of growth substances. 

Movement of virus compared to autocatalytic advance. 


On the Motion of a Fluid Heated from below 

By R. J. Schmidt akd 0. A. Sattkders 

{Communicated by S. Chapman, F.R.8,—Received 11 November 1937) 

If a horizontal layer of fluid, initially at rest, is heated from below, 
instability n.nd cellular motion set in when X{^c(gc{d^—6^d^}hv) is about 
1700. Experiments for several layer depths show that on further heating 
the layer becomes completely turbulent at about A = 45,000. Observations 
by an optical method indicate that in the case of water the turbulence 
develops suddenly, but that in air the transition is more gradual, the first 
signs of turbulence occurring at about A = 5000. The rate of heat transfer is 
measured at each stage, and the increase at the change firom cellular to 
turbulent motion is found to be 1^ ihan that at the change from equili¬ 
brium to cellular motion. 

In the cellular motion the horizontal length of the side of a cell is found 
to be twice the layer depth. The vertical temperature gradients at positions 
on the plane midway between the boundary surface decrees to negligible 
values as the motion develoj^ with increasing A, The horizontal tempera¬ 
ture gradients are greatest at the mid-plane. 

In the turbulent motion the fluctuating temperature gradients are very 
small on the mid-plane. The horizontal gradients are very small on the 
mid-plane, but have maxima at positions between the mid-plane and either 
boundary surface. 
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The Crystal Structure of Insulin—I 

By Dorothy Crowfoot 

{Communicated by jB. Robinson, F.E.8,—Received 11 November 1937) 

X-ray crystallographic measurements show that insulin crystallises ia 
the rhombohedral system, space group iJ3. The dimensions of the unit cell 
are a = 44*4A, a = 114° 28' or, giving hexagonal axes, a = 74-8, c = 30-9A 
correct to about 0-5 %. The densities of three samples of crystalline 
have been measured in four diiBferent immersion media and show small 
variations between values of 1*292 and 1*314. From these and the cell 
dimensions the unit cell molecular weight may be calculated as most 
probably 39,700 (maximum 40,800, minimum 38,200). The crystals contain 
water which they lose when dried at 104° in a vacuum and this has been 
estimated at 5*35 The molecular weight of protein in the unit ceU is 
hence calculated as 37,600 (33,900-36,000), which is of the order of magni¬ 
tude though rather less than the molecular weight of insulin found by 
Svedberg. There is however no crystallographic evidence that this weight 
constitutes a single molecule. 

The intensities of all the X-ray reflexions that could be observed from 
single crystals of insulin have been estimated visually and are recorded as 
terms proportional to From these terms a series of Patterson-Harker 
Fourier synthesis have been formed which show the distribution of the 
main interatomic distances within the insulin molecule. The patterns 
correspond to a fairly large scale structure and as such cannot give informa¬ 
tion on the placing of individual atoms or as to whether the trigonal 
symmetry shown is necessarily carried to atomic dimensions. The most 
important interatomic distances that appear are at 10 and 22 A roughly 
parallel to the basal plane. It is suggested that these are related to the 
characteristic X-ray spacmgs of many proteins both globular and fibrous, 
and the virus proteins. 
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The Effect on the Growth of Lmna minor of Alternating 
Periods of Light and Darkness of Equal Length 

By H. Dicksok 

{Communicated by 7. H, Blackman, F.R.S,—Received 12 November 1937) 

Apparatus has been designed to enable Lemna to be grown in controlled 
conditions and under various equal alternating periods of light and dark- 
ness ranging from alternations of 5 sec. to 12 hr. 

Sixteen experiments are recorded in which the rate of frond increase and 
the dry weight per frond were determined continuously under several 
different lighting conditions for periods of up to 9 weeks duration. 

It has been shown that the relative rate of increase of dry weight is at a 
maximum in continuous hght. Under 12 hr. and 5 min. alternating periods 
the rate was lower, but as the light intensity was the same in all cases, and 
the plants in continuous light consequently received twice the amount of 
those in the alternating periods, the efficiency was much higher in alternat¬ 
ing light than under continuous illumination.’ The rate was lowest at 1 min, 
alternations but with 5 sec. alternating periods it was much higher, being 
even significantly higher than with 12 hr. illumination. 

Curves of the relative rate of increase in frond number and of the average 
weight per frond were s imila r to those for rate of dry-weight increase, 
except that the rate in 5 sec. alternating periods was not significantly 
different from that in 12 hourly ^temations. 

Portsmouth (1937) attributed the small growth rate of cucumber plants 
in one minute alternating periods as probably due in part at least to closure 
of the stomata. Observation shows that the stomata of Lemna are non¬ 
functional, so that in view of the fact that decrease in growth-rate at 1 min. 
alternating periods is as marked in Lemna as it is in cucumber plants it 
appears more likely that stomatal closure is a secondary effect rather than 
the cause of the drop in growth rate. 

The appearance of the plants in 1 min. alternating periods is very 
different from that under other conditions of illumination. The fronds are 
small in size and not glossy, and lie at all angl^ to one another. This 
change in morphology tak^ place (x>mparatively suddenly. 
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An Analysis of the *^^Pleiotropic” Effects of a New 
Lethal Mutation in the Rat {Mus norvegicus) 

By G. Gbukebebg 

{Ccmmunicated by J, B. S, Haldane^ F,RB,—Received 12 November 1937) 

"'Pleiotropism'’ of genes can theoretically arise in three different ways. 
Two effects a and b may either be produced by the gene directly by means 
of two different mechanisms; or they may be produced by the gene 
directly by means of the same mechanism; or the gene may produce only 
one effect u, which in turn conditions 6 (indirect gene action). In the latter 
two cases, unity of gene action is maintained (spurious pleiotropism), 
whereas only the first case would constitute genuine pleiotropism, the 
gene producing manifold effects in different ways. 

The analysis of the manifold effects of a new recessive lethal factor in the 
rat, which is linked to pink-eye dilution, shows that the most fundamental 
disturbance so far discovered is an anomaly of the cartilage; this single 
mechanism affects several structures of the body in a similar way. Hyper¬ 
plasia of the ribs and of the cartilage rings of the trachea thus produced 
leads secondarily to the development of an emphysema of the lungs, and 
the animals ultiinately die from more or less remote consequences of this 
emphysema. 

Unity of gene action is therefore maintained in this case, which, despite 
the complex ramifications of the effects, is only an example of spurious 
pleiotropism. This seems also to apply to the few other cases which are 
fully analysed. The existence of genuine pleiotropism has never been con¬ 
clusively proved. As unity of gene action is the simpler conception, and 
as it has been shown to explain fully analysed cases, it may be adopted as a 
general principle unless and until the occurrence of genuine pleiotropism 
has been conclusively demonstrated. 
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Resonance in Crystal Beams of Sodium-Ammonium 

Seignette Salt 

By W. Mai^ell 

{Communicated by 0. W. Bichardson, FM.S.—Received 13 November 1937) 

Experiments are made with longitudinal oscillations in crystal beams of 
sodium-ammonium seignette salt. For a square beam a theory is deduced 
for the interaction of two longitudinal oscillations at right angles. These are 
considered as analogous to two coupled electrical circuits. If the natural 
frequencies in the two directions agree to within a small number of cycl^ 
per second, the theory requires that resonance shall occur with the pro¬ 
duction of two new fundamental frequencies. This result is demonstrated 
experimentally. 

Experiments are also made to determine the change in wave-length with 
change in breadth and thickness. Theoretical calculations are made of the 
lateral contractions along the breadth and along the thickness, accompany¬ 
ing extensions along the length. The effect of thickness on the wave length 
is foimd to be very small, in spite of the fact that the lateral contractions 
are large in two types of beams used. A change of breadth may change the 
wave-length by 20 %. The experimental results for two types of beam agree 
closely with an empirical formula, while one type of beam behaves in an 
anomalous manner. 


On the Mechanism of the Decomposition of Hydrogen 
Peroxide by Catalase 

By D. TC ETT.m , F.R.S. A2U> E. F. Habtbee, Ph.D. 

The MoUeno Instibabe, University of Cambridge 

{Received 15 Ncmember 1937) 

1—A new explanation of the mechanism of the decompositmn of HgO^ by 
catalase is proposed. According to this explanation the reaction is brought 
about by the successive reduction of the catalase iron by and its 
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reoxidation by molecular oxygen; the reaction proceeding according to the 
following equation: 

iFe"' + 2 HA = 4Fe- + 4H' + 20^ 

4Fe- • + 4H' + O 2 = 4Fe- • • + 2 H 2 O 

2 HA = 2 H 20 + 02 

2 — ^This explanation is supported by the following experiments: 

a —^It has been shown manometricaUy that the decomposition of H 2 O 2 by 
catalase does not proceed in absence of molecular oxygen. 

b —^It has been shown spectroscopically with azide- and hydroxylamine- 
catalase that H^Oj is the only known substance capable of reducing catalase 
iron, which can then be readily reoxidised by molecular oxygen. 

3— ^The inhibitors of catalase can be separated into two groups, those 
like KCN, HjS, C 2 H 5 OOH which iohibit the reduction of catalase iron by 
HgOj and those like azide, hydroxylamine and hydrazine which inhibit the 
reoxidation of the reduced catalase by molecular oxygen (Keilin and 
Hartree, 1936). 

4— ^The decomposition of HjOj by pure catalase preparations is not 
inhibited by CO in presence of even a very small concentration of oxygen, 
which shows that the reduced catalase has a ipuch greater aflSnity for 
oxygen than for CO. 

5 — Some catalase preparations have been obtained which show a more 
or less marked light sensitive inhibition by CO. Pure catalase preparations 
become sensitive to CO in presence of a very small concentration of azide, 
cysteine or glutathione, substances which apparently inhibit the reoxida¬ 
tion of reduced catalase. 


Instability of Fluids Heated from below 

By Kbishna Cecandra, M.Sc. 

{Communicated by Sir Oilbert Walker, F,R,8, 

Received 20 May 1936 —Revised 12 November 1937) 

A layer of air in a shallow chamber was made unstable by heating &om 
below, and the motion which ensued, made visible by smoke, was studied 
for a range of depths of the chamber, and for a range of differences of 
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temperature between top and bottom of the chamber. It was found that, 
unless the excess of temperature at the bottom exceeded a certain critical 
value, no motion took place. In depths of 10 mm. or more, the motion 
observed when the critical value was exceeded was in the form of polygonal 
prismatic cells, with descending motion at their centres, and the critical 
difference of temperature necessary to produce motion was in good agree¬ 
ment with the theoretical formula given by Jeffreys. In depths of less than 
10 mm., the motion observed when the critical difference of temperature 
was first exceeded was of a different character, the ill-defined smoke 
structures having ascending air at their centres, and the critical difference 
of temperature was less than that given by Jeffreys’ theory. It was found 
that with stiU higher differences of temperature the motion in depths of 
7-10 mm. took the form of polygonal cells, the change in type of motion 
occurring at critical differences of temperature which were in agreement 
with the theoretical expression given by Jeffreys. 

When the air in the chamber was subjected to a shear by motion of the 
top bounding plate, the smoke patterns in the chamber, when the initial 
conditions were such as to give polygonal cells in the absence of shear, 
were in the form of transverse roUs, distorted polygonal cells, or longitudinal 
pairs of roll vortices, according to the rate of shear and the difference of 
temperature in the chamber. If the motion in the absence of shear were of 
the other type, the effect of shear was always to give spindle shaped struc¬ 
tures, whose length was increased by increase of the rate of shear. 


Studies on the Origin of the Larval Kidneys 
of the Mollusca 

I—Pulmonata Stylommatophora 

By W. Eebnaistbo 

{CoTJiinuniccLted by E. W. MctcBride, F.Ii.8,—Received 16 Novev^ber 1937) 

Erom the mesodermal bands differentiate the rudiments of the larval 
kidneys in Achatina^ Gless%da, and Opeas, 

In Achatma this mesodermal rudiment isolates fix)m the remainder of 
the mesoderm and develops a lumen ioMde. An ectodermal invagination 
later unites with the m^oderm and a tubular larval kidney resuliB, opening 
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at one end to the exterior. In Glessula the isolation of the mesodermal 
rudiment is less marked than in Achatina, but subsequent development is 
the same. In Opeas the mesodermal rudiment of the larval kidney is 
differentiated at a very early stage while still in contact with the rest of the 
mesodermal band. The ectodermal invagination also develops very early 
but the union of the two portions takes place at a later stage. 

The larval kidneys of the Stylommatophora are for.the greater part 
mesodermal, only a small portion with the external aperture being formed 
of ectoderm. 


The Reflection Coefiicients of Ionospheric Regions 
Br E. V. Appleton, F.R.S. and J. H. Piddinoton 
{Received 17 November 1937) 

Experiments on the radio sounding of the ionosphere are described 
which give no support to the supposed existence of permanent highly 
reflecting regions at heights of 10 km. It is considered possible that the 
echoes of short delay noted by previous workers are due to scattering from 
patches of ionisation of very low effective reflexion coefficient. It is found 
that, after the normally recognized regions of the ionosphere, the radio 
reflecting centres in the atmosphere next in order of importance as regards 
wireless echo production are transitory bursts of ionisation which occur at 
equivalent heights of from 80 to 160 km. Such bursts of ionisation are due 
to some cosmic agency which is usually effective throughout the whole of 
the day and night. 
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On the Cascade Theory of Electronic Showers 
By Db L. Landatt and Db G. Rdmeb 
{Communicated by P. Kapitza, FMM,—Received 18 November 1937) 

1. Starting from the physical idea proposed by^Bhabha and Heitler, 
and Carlson and Oppenheimer on the cascade production of showers, a 
more rigorous treatment of the problem is given (§§ 1—5). 

2. A table is given for the calculation of the number of the shower 
particles as function of penetrated depth for any given initial energy of the 
creating particle and also of the energy distribution for shower particle at 
a given depth (§ 6). 

3. The showers possess a definite range (§ 7). 

4. The behaviour of shower passing from air to a medium with a 
different atomic number is studied (§ 9). 

5. The consequences arising from the hypoth^is of the new ^^semi- 
heavy” particles are discussed. 
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The Crystal Structure of Pentaerythritol Tetracetate 

By Thomas H. Goodwin and Rowland Hardy 

{Oomnmmiccaed by W. L. Bragg, F.R.S.—Received 18 November 1937) 

The crystal structure of pentaerytliritol tetracetate has been determined 
by the method of X-ray analysis. This is the first ester to be examined in 
detail and the results show: 

(а) that the valencies of the central carbon atom are inclined to each 
other at the tetrahedral angle (109 

( б ) that the acetate group —0. CO. CHg has a planar configuration; 

(c) that the valency angle of oxygen ^ 0 "^ is 109^^ ± 3® in this com- 
. pound; 

{d) that the length of the 0=0 bond in an ester is 1*33 ± 0-03 A. 

The first two of these conclusions are in agreement with stereo-chemical 
theory. In view of the assertions of Gerstacker, MoUer and Reis ( 1928 ) it 
seems desirable to call attention to (a) which mdicates that the central 
carbon atom has a tetrahedral and not a pyramidal distribution of valen¬ 
cies. 

The co-ordinates of all the atoms in the unit cell have been determiued 
by means of two- and three-dimensional Fourier syntheses. It is believed 
that this is the first compound for which three-dimensional syntheses 
(sections through the unit cell at different heights or along special lines) 
have been made. 


Critical Phenomena in Gases 
II—Vapour Pressures and Boiling Points 

By J. E. Lennarb-Jones, F.R.S. and A. F. Devonshire 
[Received 24 November 1937) 

This paper extends to liquids the theory which was given recently by the 
authors for the equation of state of a gas at high densities. A direct calcula¬ 
tion is made of boiling points in terms of interatomic forces and the 
numerical results for the inert gases are in satisfactory agreement with the 
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observed values. A theoretical interpretation is given of Trouton’s empirical 
rule connecting the heat of vaporization with the boiling temperature and 
also of Hildebrand’s modified form of it. Calculations are made of the 
heats of vaporization of the inert gases. 


The Electronic Structure of some Polyenes and 
Aromatic Molecules 

IV—The Nature of the Links of certain Free Radicals 

By C. a. CotTLSDOK 

{Communicated by J. E. Lennard-JoTies^ F.B.S .— 

JReceived 24 November 1937) 

General formulae are given for the lengths of the links of free radicals 
and molecules of chain form C 2 ^^.^H 2 ^^ 3 . It is shown that m these chains 
the effect of resonance is to remove some of the characteristic properties of 
alternate single and double bonds. Calculations have been made of the 
energies of these radicals in particular cases, and the effect of resonance 
has been estimated. 


The Electronic Structure of some Polyenes and 
Aromatic Molecules 

V— A. Comparison of Molecular Orbital and Valence 

Bond Methods 

By Gt. W. Whblano 


(Gommunicaied by J. E. L&nruird-Jones, I'.S.S .— 

Received 24 November 1937) 

The valence-bond and the molecular orbital treatments of cyclobuta¬ 
diene disagree in two respeci®. The fibcst treatment predicts that the 
resonance energy should be about —1*5 e.v. and that the ground state 
should be a singlet; the second, on the other hand, predicts that the 
resonance energy should be zero and that the ground state should be a 
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triplet. The first of these discrepancies is found to be a result>.of the fact 
that the molecular orbital treatment neglects the resonance between the 
two Kekul4-like structures. The second discrepancy is found to be due to the 
effect of ionic structures, which are not taken into account in the valence- 
bond treatment, but which are made important in the molecular orbital 
treatment. The resonance among these ionic structures is of such a nature 
as to stabilize the triplet considerably more than the singlet state. A similar 
discussion of benzene shows that the ionic structures contribute to the 
stability of the singlet ground state in essentially the same way as to the 
lowest triplet state of cyclobutadiene. 


The Electronic Structure of some Polyenes and 
Aromatic Molecules 

VI—^Phenylethylene, Stilbene, Tolane and the 
Phenyl Methyl Radical 

By W. G. Pbnkey and G. J. Kynch 

{Communicated by J. E. Lennard-Jones, F,R.8 .— 

Received 24 November 1937) 

Calculations are made to find the intemuclear distances in molecules 
containing the system C==C—C^Hg. The length obtained for the double 
bond is the same as that in ethylene; the ring distances are the same as 
those in benzene; but the ‘‘single” bond has the pecufiarly short length 
1-44A. Similarly, in the system 0=C —CgHg, the triple bond has a normal 
length 1*20 A, the ring distances are the same as in benzene, but the 
“single” bond has a length 1*41 A. Measurements by Robertson and 
Woodward on stilbene and tolane agree exactly with these results. 



AhstrojCts of Papers 


S66 


The Rotational Energy Levels of a Diatomic Molecule 
in a Tetrahedral Field 

By H. M. Ctthdy, Trinity Collie, Cambridge 

{Communicated by J. E. Lennard-Jones, F.R.8 .— 

Received 24 November 1937) 

It is shown by general principles of the theory of groups how the 
Sohrodinger equation may be solved for a diatomic molecule, when the 
potential energy varies with the angular coordinates in such a manner 
that it has the symmetry of the regular tetrahedron. Infinite seri^ for the 
wave-functions are given, and the energy levels and corresponding wave- 
functions evaluated for a particularly simple potential-energy function of 
the given type. Three methods of obtaining these levels are described, two 
of which are as 3 nnptotic approximations, and the third involves the use of 
the Mallock electric calculating machine. A good agreement is obtained 
between the three, enabling a plot to be made of the energy levels over 
wide ranges of magnitude of the potential energy term. 


The Potato Virus ‘X’; its Strains and Reactions 

By R. N. SATiAWA-NT, F.R.S. 


{Received 27 November 1937) 

Tlie X virus is a term which should be applied to a group of strains 
rather than to a single specific pathogen with fixed and constant reactions. 
It is shown that at least six strains are to be found distributed amongst the 
diseased potato plants of this coimtry, and that most of them are repre¬ 
sented in Germany, Canada and the U.S.A. 

In the open field a potato plant is usually infected by two or more 
strains simultaneously, but in the case of the milder X® and the more 
virulent X^ pure single strain infections do occur. 

Ilie strains range in repeat to their virulence, as judged by their be¬ 
haviour in tobacco and Datura ficom the creation of a symptomless carrier 
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to an intensely virulent necrosis endangering the continued existence of the 
host. The reaction of the strains is described on a large range of plants. 

The strain is shown to be the pathogen responsible for a distinctive 
morbid condition in the potato, here called “interveinal necrosisThe 
disease and the reactions of the strain are described for the first time. 

Infection by any of the strains brings about the formation of inclusion 
bodies within the host tissues. Such inclusions do not vary in character or 
frequency in relation to the virulence of the strain. There is a certain variety 
in their appearance which may be recognized, whichever strain is infecting 
the host. 

All the strains are made up of similar sized particles and possess certain 
identical serological reactions. 

From plants infected by each strain the same type of nucleoprotein has 
been recovered, which in solution exhibits anisotropy of fl.ow. 

The physical properties of the strains are alike except for the degree of 
dilution which they will withstand. 

The clinical results obtained by mixture of pure strains has been studied, 
evidence is given that a tenfold excess of a weak over a strong may lead to 
the clinical masking of the latter in the host plant, a lesser relation of 
strong to weak has the opposite result. 

The double reactions that ensue jfrom mixtures of the different X strains 
with the Y virus, the A virus and tobacco mosaic respectively, conform to 
the actual diBferences in virulence of the different strains themselves. 

Conversion of one strain to another has been studied both in material 
which is relatively pure to strain as weU as in that which we have good 
reason to believe is in reality pure. In both conversions have taken place. 
Conversions have been effected by passage through certain unrelated 
plants. 

All conversions, whether purposely designed or not, have been from the 
more to the less virulent strain. 

The nature of these conversions is discussed and the conclusion reached 
that they should be regarded as true mutations. 

The phenomenon of acquired immunity as exhibited by the potato and 
other solanaceous plants in respect to the X virus is described as well as 
its occurrence in nature, and the possible relation of the same to the 
occurrence of certain types of carriers. 
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X-ray analysis of the Dibenzyl Series 
V—Tolane and the Triple Bond 

By J. Monteath Robeetson, M.A,, D.Sc. and I. Woodward, M.A. 

{Communicated by Sir William Bragg^ O.M., F,R.8 ,— 

Received 21 November 1937) 

The crystal dimensions of tolane are very similar to those of stilbene, 
and this fact has been used in making a very direct X-ray analysis of the 
tolane structure, without the use of any model based on the chemistry of 
the compound. The two central atoms linked by the triple bond are found 
to be collinear with the end atoms of the benzene rings to which they are 
joined. The carbon-carbon triple bond distance is M9A, and for the 
‘"single’’ bond connectiag these central atoms to the benzene ring, the 
unusually small distance of 1-40 A is obtained. These results are discussed 
in relation to acetylene and other compounds. 

As in the stHbene structure, there are four molecules in the unit cell, and 
two of these make independent contributions to the asymmetric unit of the 
crystal. The orientations of these two molecules are deduced, and the co¬ 
ordinates of the atoms are given. The minimum intermolecular approach 
distances are between 3-5 and 3*6A for the carbon atoms. 


Further Studies on the Relationship between Hyoscya- 
mus Virus 3 and the Aphis Myzus persicae (Sulz.) with 
special reference to the Effects of Fasting 

By M. a. Watson 

{Communicated by Sir John Rvssdl, F.B.S .— 

Received 29 November 1937) 

The aphides {Myzus persicae) are much more likely to transmit 
Hyoseyamus virus 3 if they are made to fast immediately before feed in g on 
the source of infection. Their efficiency as veotora increase rapidly dturing 
the first hour of fasting, but the rate of increase is much slower during the 
foUowing 12 hours. 

The increase in efficiency induced by such preliminary fasting decreases 
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as the infection feeding period is increased, and after one hour’s feeding on 
the infected plants preliminary fasted aphides give no more infection than 
do continuously fed aphides. 

Infectivity is lost by the aphides after the cessation of infection feeding, 
and the rate of loss is probably more rapid than the rate at which the virus 
deteriorates in vitro. This loss of infectivity is complete in 1 hour if the 
aphides do not fast before infection feeding, or if they are fed on an inter¬ 
mediate healthy plant between the infection feeding and the infection 
trial; but if they fast both before and after the infection feeding, the 
relative rate of loss of infectivity is slower, and a few insects may remain 
infective for many hours. 

The infectivity of an aphid is greater after two or more successive 
infection feedings of equal length, unless the treatment given between the 
feedings is such that all the infectivity is lost. The infectivity actually 
acquired at the second or third infection feeding is, however, less than that 
acqixired at the first, because the feeding activity of the aphid is decreased 
by the experimental conditions. 

The eJBfect of preliminary fasting appears to be independent of feeding 
activity or ‘"appetite”, and is very much more important. 

It is possible to explain these results if it be assumed that, during the 
process of transmission from one plant to another in the recently fed aphid, 
the virus comes into contact with some substance which partially or wholly 
destroys it® infectivity. The possible nature of this substance is discussed. 


Tides in Oceans bounded by Meridians 

III—Ocean bounded by Complete Meridian: 

Semidiurnal Tides 

By A. T. Doodson, F.R.S. 

{Received 29 November 1937) 

The fiist two parts of this series of memoirs have dealt with the general 
equations for the motion in an ocean bounded by a complete meridian 
(Proudman 1936 ) and with their application to the diurnal tide (Doodson 
^ 936 )* This present memoir is concerned with the semidiurnal tide (- 8 ^ 2 )- 
The investigation, as in Part II, is dependent upon the formulation and 
numerical solution of the equations from the use of 63 co-ordinates or 
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variables, and the solution has been effected and is illustrated for 20 values 
of the depth of the ocean, from very large to medium depths. Though a 
part of the work of solution is common to all cases, in effect 20 sets of 
equations, each set having 63 equations, have been solved. 

The results are of exceedingly great interest in connexion with tidal 
theory. The genesis and development of amphidromic systems, as the 
depth is changed, can be fully traced. The possible systems of cotidal lines 
are of great variety, and the type of amphidromic system changes so 
rapidly with the depth that a single illustration of the tides for a particular 
depth is of doubtful value for comparison with an actual ocean but it is 
hoped that the complete series of illustrations will provide material for the 
derivation of principles which can be applied to terrestrial oceans. 


Thermal Conduction in Hydrogen-deuterium Mixtures 

By C. T. Archer, A.R.C.S., M.Sc., Senior Lecturer in Physics, 
Royal College of Science, London, S.W. 7 

{Communicated by A. 0. Ranhim, F.B.S.—Received 30 November 1037) 

The paper describes an experimental investigation of thermal conduction 
in hydrogen, deuterium, and hydrogen-deuterium mixtures of varying 
concentration. The hot wire metliod, used by the author and others 
previously in similar work, was adopted to determine the thermal con¬ 
ductivity at 0° C. of hydrogen, deuterium, and of each mixture, and also 
the accommodation coefficients of hydrogen and deuterium relative to a 
platinum surface at 0° C. 

The hydrogen was prepared from distilled water, the deuterium from 
deuterium oxide of 99-95% guaranteed concentration, and the gaseous 
mixtures from mixtures of the water and deuterium oxide, by passing the 
vapour over magnesium heated to about 500° C. in an electric furnace. 
Deuterium was also prepared from the oxide by reaction with metallic 
sodium in vacuo. The percentage concentrations of the gaseous mixtures 
were obtained from observations of the densities of the liquid mixtures, 
using a flotation method. 

The valu^ obtained of the thermal conductivity at 0° 0. of hydrc^en and 
deuterium were 0-0004182 and O-OOOSOS^ cal. cm.”^ sec,”"^ deg."^ C., and of 
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the accommodation coefiOlcient 0-29g and 0-37g respectively. The values of 
the thermal conductivities of all the gases together with the percentage 
concentrations are shown in a Table, and also represented by means of a 
graph. 


Antiplasmodial Action and Chemical Constitution 

I—Cinchona Alkaloidal Derivatives and Allied 
Substances 

By a. Oohen and Habold King, F.R.S. 

{Received 30 November 1937) 

Experimental bird malaria is utilized for following the effect of changes 
of structure in the cinchona alkaloids on the therapeutic activity. It is 
shown that although antiplasmodial action is not very sensitive to stereo¬ 
chemical changes, it is sensitive to changes of structure. Thus there is 
apparent loss of activity when the central —CHOH— group is modified in 
any way. Thus its conversion into —CHCl—, —OH 2 — or —^0H= leads in 
almost all cases to an increase in toxicity and loss of antiplasmodial action. 
The .preparation and properties of a series of allied substances is also 
described. 


Antiplasmodial Action and Chemical Constitution 

II—Some Simple Synthetic Analogues of 
Quinine and Cinchonine 

By a. D. Ainley and Habold King, P.R.S. 

{Received 30 November 1937) 

Quinicine (quinotoxine), the ketonic isomeride of quinine, is inactive in 
bird-maJaria. Reduction to dihydroquinicinol (2 diastereoisomerides) with 
re-formation of a carbinol group does not restore activity; neither is 
activity found in a-iV^-methyldibydroquinicinol. Consideration of these 
results led the authors to the synthesis of 4-quinolyl-a-piperidylcarbinol 
and 4-(6-methoxyquinolyl)-a-piperidylcarbinol and their iV'-methyl, N- 
propyl, iV^-aUyl, iV^-butyl and -N^-crotyl derivatives. The only compounds 
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obtained showing antiplasmodial activity were 4-(6-methoxyquinolyl)-a- 
piperidylcarbinol and its diastereoisomeride i50-4-(6-methoxyquinolyl)-a- 
piperidylcarbinol. These two substances appear to be the first simple 
substances built on the pattern of the cinchona alkaloid molecule to show 
antiplasmodial activity. 


Propagation of Wave-packets Incident Obliquely 
upon a Stratified Doubly Refracting 
Ionosphere 

By K. G. Bookee, Ph.D. 

{Conimunicated by E, V, Appleton, F,R,S.—Received 1 December 1937) 

A study is made of the propagation of wave-packets incident obliquely 
upon a slowly varying plane-stratified doubly refracting medium with a 
view to applying the results to the ionosphere. The magneto-ionic theory 
in the form given by Appleton is only suitable for investigating vertical 
propagation in the ionosphere. The theory is generalized so as to be capable 
of describing oblique propagation of a magneto-ionic component through 
the ionosphere without using a refractive index which depends in a com¬ 
plicated way upon an unknown angle of refraction. The fundamental 
formula of the oblique-incidence magneto-ionic theory is an algebraic 
quartic equation for a quantity q which depends upon the prescribed angle 
of incidence and which at vertical incidence becomes identical with the 
well-known refractive index. The four roots of the quartic equation for q 
correspond to the upgoing ordinary wave, the upgoing extraordinary wave, 
the downcoming ordinary wave and the downcoming extraordinary wave. 
The level in the ionosphere where the individual wave-crests are moving 
horizontally across a characteristically polarized wave-packet is given by 
the condition J = 0, which is equivalent to putting the angle of refiraction 
equal to ir/2 in Snell’s Law. But the level of reflexion of the magneto-ionic 
component is the level where the wave-packet as a whole is tmvellmg 
horizontally and is given by the condition that the root of the quartic 
equation for q corresponding to the upgoing magneto-ionic component 
should be equal to a root corresponding to a dovmcoming magneto-ionic 
component. 

The detailed application of these results to the ionosphere depends on our 
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ability to soIvg the fundaniental quartic equation for q, and the only 
practical way of achieving this in general is to resort to one of the standard 
numerical methods. Special cases worked out in this way show that the 
critical electron density required for reflexion of a magneto-ionic com¬ 
ponent can easily be as much as 25 % in excess of the erroneous value which 
would be calculated by putting the angle of refraction equal to 7r/2 in 
Snell’s Law. 

The analytical solution of the quartic equation for q is sufficiently simple 
to be of practical value in the case of east-west transmission (including 
vertical incidence) and in the case of propagation in equatorial regions. 
Owing to the symmetrical influence of the earth’s magnetic field upon the 
propagation of the upgoing and downcoming waves in these special cases 
it is legitimate to calculate the critical electron densities of the magneto- 
ionic components from the condition (2 = 0) that the direction of phase- 
propagation is horizontal. Representative curves are drawn. 


An Experimental Determination of the Spectrum 
of Turbulence 

By L. F. G. Simmoks, M.A. and C. Salter, M.A. 

With an Appendix: Method of Deducing F{n) from the Measurements 

{Gommunicated by G. /. Taylor, F,B,8,—Received 1 December 1937) 

The time variation of velocity at a fixed point in a turbulent air stream is 
analysed into a spectrum. The method adopted involves the use of the 
ordinary hot-wire technique to produce changes of potential in a Wheat¬ 
stone bridge circuit, which are magnified by a value ampMer. The fluctuat¬ 
ing voltage drop generated is then applied, in turn, to electrical filters 
having different cut-off frequencies. In each case the output current is 
measured, with and without each filter in circuit, by means of a thermal 
miUiammeter which indicates the mean value of the square of the current 
supplied to it. From the ratios of the readings taken with and without 
each filter, the spectrum curve is calculated by a method described in the 
Appendix. 

All measurements were made in a wind tunnel, at a point m the air 
stream where the turbulence created by a grid of regular mesh was known 
to be isotropic: the wind speeds used were 15, 20, 25, 30 and 35 fb./see. 
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The Spectrum of Turbulence 

By G. I. Tayilob, F.R.S. 

{Received 1 December 1937) 

It is shown that a definite connexion exists between the spectrum of the 
time variation in wind at a fixed point in a wind stream and the curve 
correlation between the wind variations at two fixed points. The spectrum 
curve and the correlation curve are, in fact, Fourier transforms of one 
another. 

As an example of the use of this relationship the spectrum of turbulence 
in an American wind tunnel was calculated from measurements of correla¬ 
tion by Dry den. In some further experiments Dryden modified this spec¬ 
trum by inserting a filter circuit and then measured the correlation with 
this filter in circuit. The modified spectrum is here calculated from the 
filter characteristics and the Fourier transform theorem is used to cal¬ 
culate the modified correlation curve. The agreement wdth Dryden’s 
measurements is very good indeed. 

The paper ends with some remarks on the bearing of the spectrum 
measurements on the theory of dissipation of energy in turbulent flow. 


The Alkaline Permanganate Oxidation of Organic 
Substances selected for their bearing on the 
Chemical Constitution of Coal 

By R. B. Raotau:,, Ph.D., M. Bbngbe, Ph.D. and 
C. M. Geoocook, Ph.1). 

{povnniunicated by Professor W. A. Bone, F.It.8. 

Received 3 December 1937) 

The paper describes the results of systematic quahtative and quanti¬ 
tative investigations of some sixty organic substances, namely, (i) carbo¬ 
hydrates and aliphatic carboxylic acids, (ii) aromatic hydrocarbons, 
(iii) aromatic substances containing =00 groups, (iv) aromatic carboxylic 
acids and ethers, and (v) hetOTOcyclic compounds, selected for ihmr bearing 
on the coal-constitutional problem, and discusses the principal conclusions 
to be drawn therefrom. Details are also given of the experimental methods 
employed. _ 
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Indicators of Salt Accumulation by Plants; the 
Absorption of Rubidium Bromide by 
Potato Discs 

By F. C. Stewabd and J. A. Harbison 
{Oommunicated by F. H* Blackmany F.B.S.—Received 6 December 1937) 

The paper describes the results of a quantitative investigation of the 
absorption of rubidium and bromide from dilute solution by discs of potato 
tissue. The results contribute to knowledge of the absorption process in 
plants. 

An accurate spectrographic method for the determination of rubidium 
in plant extracts was devised for this investigation. The method, which is 
applicable to other biological problems, is described in detail. 

The ions rubidium and bromide were used as sensitive indicators of the 
absorption of cation and anion respectively because they are not normally 
present in potato tissue, except in negligible amounts, they are both readily 
absorbed and can be estimated accurately. The experiments which were 
carried out under rigorously controlled conditions by a technique which 
has been described elsewhere, concern the effects of oxygen concentration, 
time and the specific surface of the discs on the absorption of rubidium and 
bromide. 

The results establish the relationship between the metabolism of the'cells 
and the absorption of both bromide and rubidium. The absorption of 
rubidium is, however, of two kinds, one which is determined by the meta¬ 
bolism of the tissue and the other which is independent of vital activity and 
may be observed in dead discs. The two types of absorption may be dis¬ 
tinguished by their relations to the variables oxygen concentration, time 
and temperature. The maintained absorption of rubidium and of bromide 
which is dependent upon vital activity is confined to a surface layer of 
active cells in the discs whereas that part of the absorption of rubidium 
which is due merely to a property of the tissue substances occurs through¬ 
out the whole of the disc. 

Experiments upon the effects of concentration upon absorption, carried 
out on both living and dead discs, reveal the general nature of the two 
absorption mechanisms and lead to a new outlook upon the problem of the 
relative uptake of anion and cation in plants. 
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The Action of Ultra-violet Radiation 
on Proteins, I, II 

By J. S. Mitchell 

{Communicated by E. K, Bideal, F,B.S,—Received 8 December 1937) 

1. A brief review is given of the photochemistry of proteins with especial 
reference to the process of oxidative photolysis. 

2. The photochemical significance of the ultraviolet absorption spectra 
of proteins is discussed quantitatively, in relation to the hydrolytic 
analyses. Measurements of the absorption spectra of certain proteins— 
ovalbumin, gliadin and insulin—and of the tyrosme derivatives—glycyl- 
tyxosine and iV-stearyl-tyrosine ethyl ester—are given. For the absorption 
of radiation of wavelengths 3150-2350A the only residues of importance, 
in typical proteins, are those derived from the “aromatic” amino acids— 
tyrosine, phenylalanine and tryptophane—and also cystine and arginine— 
further, 85-100% of the total light absorption is due to the three “aro¬ 
matic ” amino acids. Thus the proteins must be regarded as macromolecular 
polycondensation products in which only a small fraction of the total 
number of repeating units possess chromophoric groups and can take part 
in primary photochemical processes. 

At 2 and 7*2 the assumption of linear additivity of the absorption 
coefficients of the individual amino acids of proteins is a poor approxima¬ 
tion, but at pH 12 at the wavelength of the absorption maximum, it is 
possible to calculate the molecular extinction coefficient of insulin with an 
error of less than 3 %. 

3. The photochemical decomposition, in aqueous solution, of ovalbumin, 
insulin, glycyl-tyrosine and l-dihydix)xyphenylalanme (“dopa”) by the 
approximately monochromatic radiation, of wavelength 2537 A, given by 
a mercury-neon discharge tube, has been examined chemically and by 
observation of the changes in the ultraviolet absorption spectra. 

4. Ovalbumin, in solution in the presence of oxygen, undergoes complete 
photo-oxidative decomposition with production of proteoses as end- 
products, and disappearance of the reactions characteristic of tyrosme, 
tryptophane and cystine; the changes in the absorption spectrum em¬ 
phasise the importance of the aromatic groups. 

It appears from the present and previous work that, in general, the end- 
products of unsensitized photolysis of proteins with light of wavelengths 
longer than 2350A are to a large extent firagments of high molecular weight 
and not the constituent units, thus suggesting selective photochemical 
attack at lo<^lized sites in the molecule. 
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6. A detailed examination has been made of the photochemistry of 
glyoyltyrosine in solution, to test the hypothesis that the photo-oxidative 
decomposition of proteins with light of wavelengths longer than 2350A is 
due to molecular fragmentation at the sites of attachment of the aromatic 
chromophors. Ancillary studies of dopa and indol were made. As a result 
of light absorption in the aromatic nucleus, glycyl-tyrosine undergoes a 
series of photo-oxidative transformations—involving the formation of 
dihydroxyphenyl compounds, probably orthoquinones, and indol deri¬ 
vatives—^which resrdt in fragmentation of the peptide Unkage with pro¬ 
duction of glycine; this last step is probably one of photochemical 
hydrolysis. 

6. This mechanism of indirect oxidative photolysis of the peptide linkage 
adjacent to the aromatic chromophor appears applicable to proteins. The 
changes in the absorption spectrum on ultraviolet irradiation in presence 
of oxygen have been compared, in the case of insulin—where the only 
important chromophors are those derived from tyrosine—and of glycyl- 
tyrosine; it must be concluded that there is no fundamental difference 
between the photo-oxidative tran s formations of the tyrosine chromophors 
in the two cases. 


New Bands Ending on the State of H 2 

By 0. W. Richabdson, F.R.S. 

{Received 8 December 1937) 

Tliis paper describes two new band systems which go down to Iscr 2pcr 
the state on which the strongest hitherto known systems in the visible end. 
The systems extend from the yellow to the photographic infra-red limit 
(8500A) and probably beyond. The upper states are both States. They 
are very close to one another and appear to be perturbing each other as well 
as the state l^cr2scr^Sg which is in the same neighbourhood. Their rota¬ 
tional structure resembles closely that of the ‘'abnormar’ states 
3^K, and Reasons are given which make it impossible to regard 

either of the two new states as states with only one electron excited. Two 
alternative methods of classifying the two new states and the seven other 
abnormal states which have transitions to ls(T2pcr^l!tU and unitmg them 
into a consistent scheme as states with both electrons excited are put 
forward and their merits discussed. 
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